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Over the past decades, the scale of the silicon (Si)-based Metal-Oxide-Semiconductor Field-Effect Transistors 
(MOSFETs) is continually shrinking to about 10 nm regime. The function of the MOSFET devices is determined by the 
cooperated impurities, including dopants (boron, phosphorus, etc.) and other impurities (hydrogen, oxygen, carbon, etc.), 
continuous shrinking of device scale requires a better control of the impurity distribution, i.e. the nanoscale confinement 
of the impurities. 
There are several methods to confine the impurity distribution, such as (1) Co-doping: adding a supplementary 
element can be used to control the principle dopant element. (2) Blocking layer: using a special layer to prevent the 
penetration of unwanted impurities into the protected region. (3) Lithography mask: lithography is a typical method to 
control the lateral range of the dopants and the resolution of lithography relies on the wavelength of incident beam. 
For realizing the confinement of impurities, we need to clarify their behaviors and the mechanisms responsible for the 
behaviors. In order to understand the mechanisms, the visualization of the elemental distribution in nanoscale region with 
atomic resolution is the precondition. Therefore, the research purpose of current work is (1) visualization of the impurity 
distribution in the nanoscale region, (2) understanding of the mechanisms of impurities behavior. 
Recently, atom probe tomography (APT) has emerged as a powerful technique for its capability of obtaining 3D 
elemental distribution maps with nearly atomic scale resolution. In preparation for APT measurements, samples are 
fabricated into a needle shape, and the application of a focused ion beam (FIB) enables the site-specific extraction of the 
region of interest during the needle fabrication process. The implementation of pulsed lasers has enabled its application 
to semiconductor materials.   
In current thesis, APT will be mainly used to study several topics to achieve a better understanding on the impurities 
behavior and the mechanisms. Such a study will provide very important information for the further confinement of 
impurities and finally enhance the performance and reliability of future nano-electronic devices. 
 
Corresponding to the three typical methods on impurities confinement, three interesting topics are investigated in 
current thesis: 
 
1. Effect of coimplanted carbon (C) on boron (B) behaviors. B is the principle p-type doping elements in silicon (Si), 
and its behavior is vital to the performance of the semiconductor devices. On one hand, transient enhanced diffusion 
(TED) of B during the post-implantation annealing is an obstacle to restrict the junction depth. On the other hand, it is 
believed that B and I form clusters in the high concentration region of the implanted profile, which is responsible for the 
low electrical activation rate. C coimplantation is proposed as an effective method to suppress B diffusion but the 
mechanism is still unclear.  
APT is promising to demonstrate behavior of B and B-C interaction. However, the APT analysis on B distribution 
may be biased due to the laser irradiation during the measurement. Before our experiment on investigating the B 
behavior and B-C interaction, we studied the possible artifacts induced by high power laser and optimized the laser 
condition. The measured distributions are almost uniform and homogeneous when using low laser power, while clear B 
accumulation at the low-index pole of single-crystalline Si and segregation along the grain boundaries in polycrystalline 
Si are observed when using high laser power (100 pJ). These effects are thought to be caused by the surface migration of 
atoms, which is promoted by high laser power. In the following experiments, we selected 30 pJ so as to avoid introducing 
ii 
 
artifacts as well as achieve high success rate of the measurements.  
Consequently, we use secondary ion mass spectrometry (SIMS) and APT to study the B-implanted and B-C 
coimplanted samples for demonstrating the behavior of B and the effect of C on B. When annealing at 600 to 800C, B 
form metastable clusters in the high concentration peak region (1020 cm-3), and diffusion only occurred in the low 
concentration tail (< 1018 cm-3) of the concentration profiles, which is supposed to be well-known transient enhanced 
diffusion. This diffusion at 600 to 800C is almost blocked in the C coimplanted sample. At 1000C, B clusters start to 
dissolve and B diffuse out of the peak region, and this diffusion is suppressed in the C coimplanted sample because C 
trapped B in the kink region. At 1200C, B clusters are totally dissolved and serious diffusion occurred, which is even 
enhanced in the C coimplanted sample. It is speculated Si interstitials also plays an important role in the interaction 
between B and C. Such a detailed investigation is important for optimizing the ion implantation and subsequent 
annealing process. 
 
2. Blocking of H penetration in Al2O3/HfO2 high-k stacks. High-permittivity (high-k) materials based on hafnium 
dioxide (HfO2) have been widely used as gate dielectrics in logic devices. Hydrogen (H) plays an important role in 
determining the reliability and performance of HfO2- and Al2O3-based high-k dielectric electronic devices. Alumina 
(Al2O3) has been reported as a potential H2 diffusion barrier for preventing H attack but this has not been directly 
demonstrated.  
APT is a useful method to study the distribution of ion in nanoscale region, thus it is widely used to study the trapping 
or blocking effect. However, H detection is a problem in APT due to the residual gas in the analysis chamber. In order to 
avoid the interference from residual gas, deuterium (D), an isotope of H, was introduced into the poly-Si cap of 
Al2O3/HfxSi1-xO2/SiO2 high-k stacks by ion implantation. APT was then used to image the D distribution in samples 
annealed under different conditions. The results clearly demonstrated that the D atoms were trapped at the interface of 
poly-Si and Al2O3 after annealing at 900 K for 10 min. Thus, it is possible that Al2O3 blocks the H atoms at the surface, 
preventing them from diffusing into the high-k dielectrics during the H2 annealing process in current fabrication 
technology. The current work also exhibits an example of investigating H behavior in semiconductors by APT. 
 
3. Distribution of ions implanted through nanoapertures. Implantation of dopant ions through a resist mask with 
nano-apertures is a method to realize a deterministic uniform dopant distribution. Electron beam lithography (EBL) is a 
potential technique for sub-10 nm device fabrication. The distribution of ions near a mask edge is critical for device 
performance, but measuring the doping profiles in such a small region is very difficult. 
APT is first-ever used to investigate the 3D distribution of germanium atoms in Si after implantation through 
nano-aperture of 10 nm in diameter, for evaluation of the amount and spatial distribution of implanted dopants. Since it is 
difficult to maintain an intact distribution spot in the needle specimen due to the limited precision of the FIB technique. 
Therefore, the best results were selected from dozens of replicate trials. Meanwhile, we performed a simulation to show 
the expected dopant distribution. The experimental results obtained by APT are generally consistent with a simple 
simulation with consideration of several effects during lithography and ion implantation, such as channeling and resist 
flow. 
 
The above researches based on APT demonstrated the nanoscale distribution and behavior of impurities in Si devices 
under different conditions, and speculated the mechanisms responsible for such behaviors. The results in current study, 
which are hard to obtain by other techniques, provide important information for optimizing the manufacturing process in 
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1.1 Semiconductors and MOS devices
Integrated circuits (ICs), the core component of computers, smart-phones, and other high-tech
devices, have greatly changed our world in recent several decades. Information and data are
being processed and produced explosively. All of these developments are on the foundation of
semiconductors.
Solid-state materials can be divided into conductors, semiconductors, and insulators, based
on their conductivity, as shown in figure 1.1. Narrowly speaking, semiconductors are a class of
elements or compounds with the band gap ranging from 0.2 to 3.5 eV, which include silicon (Si),
germanium (Ge), gallium arsenide (GaAs), zinc oxide (ZnO), and so on. At room temperature,
few electrons could be excited from the valence band (VB) to the conduction band (CB), which
make them relatively conductive compared with insulators. They are called SEMI-conductors
because they are not as conductive as conductors (metals and alloys), because the CB and VB
of metals are overlapped thus plenty of electrons can act as charge carriers and contribute to
conductivity. In some cases, diamond, silicon carbide (SiC), and aluminum nitride (AlN) are
also mentioned as semiconductors - wide band gap semiconductors.
Si is the most widely used semiconductor material because of its unique properties. First, it
is abundant. Si is the second most abundant element in the Earth’s crust (about 28% by mass)
after oxygen, and the raw material to produce high quality Si is sand, whose main content is
Si dioxide (SiO2). Second, Si can be purified to a very high extent, 99.999999999% atomic







Figure 1.1: The schematic of band structures of conductor, semiconductor and insulator.
are several technological advantages such as dry/wet oxidation, high-quality Si/SiO2 interface,
nitridation for masking, and so on. Figure 1.2 shows the process from sand to IC chips: sand
is melted into melten state, a stick with orientated Si seed in the apex in used to pull out Si and
an ingot (impurities contained) is obtained. By melting the ingot and repeating this pull-out
process, high-purity Si ingot can be obtained. Then the ingot is cut into pieces of wafers. A
seriel of process such as masking, lithography, ion implantation, annealing are performed on
Si wafer to generate microelectronic circuits. After the test and encapsulation, the IC chips are
produced [1].
The bulk semiconductor material for fabricating IC chips has to be purified to a high extent,
because the electrical properties are very sensitive to impurities. The conductivity of semi-
conductors can be enhanced by 4∼5 orders of magnitudes by adding special impurities at the
concentration of 1 ppm. This process is called doping and the special impurities are called
dopants. In the case of Si, as shown in the schematic figure 1.3 (a), each Si has 4 outermost
electrons and they form covalent bonds with the electrons from another 4 adjacent Si atoms (the
actual structure of Si is diamond structure and the bonds are tetrahedral). If a phosphorus (P)
atom is put at the Si site, it provides an additional negatively-charged electron as free charge
carrier, so P is called n-type dopant. If a boron (B) atom is put at the Si site, it provides a
dangling bond which could hospital electrons from elsewhere, or it is considered to provide a
positively-charged hole as charge carrier, so B is called p-type dopant.
We can understand the mechanism of semiconducotr doping from the energetic structures
as well, as shown in figure 1.3 (d). When n-type impurities are doped into semiconductors, they
2
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Figure 1.2: The process from extracting Si from sand to fabrication of IC chips. Figure from [1].
introduce donor levels (close to CB minimum) in the band gap, and the donor levels are already
occupied by electrons, thus large amounts of electron could be excited into CB at room tem-
perature, and the electrons in CB acted as charge carriers. When p-type dopants are introduced
into semiconductors, they introduce acceptor levels (close to VB maximum) in the band gap,
and the donor levels are empty, thus large amounts of electron could be excited from VB to
acceptor levels, and holes are left in VB acted as charge carriers.
Based on the electrical properties of p-type and n-type doped semiconductors, a serial
of semiconductor devices are invented: PN junction, bipolar junction transistors, and so on.
Among them, the most widely used in current IC technology is metal-oxide-semiconductor
field effect transistor (MOSFET), as shown in figure 1.4. Several functional components are
included: gate (G), source (S), drain (D), and channel. In the example, the S and D are n-type
doped, i.e., electron rich. The substrate is p-type doped, i.e., hole rich. The contact region be-
tween S/D and substrate is a depleted region, which means no free charge carriers exist. When
applying a positively biased voltage at the gate (VG), the electrons from the S/D region drift
into the channel region. When VG is larger than a threshold value (Vth), the circuit is con-
nected. Here, the charge carriers in the channel region are negatively charged electrons, thus it






















Figure 1.3: (a) Illustration of the of intrinsic and doped Si atomic structure. (b) Schematic of band
structures of intrinsic and doped Si.
charge carriers would be positively charged holes, and it is a PMOS. Transistors are called as
logic devices, since they are sometimes combined to form structures with abilities of certain
logic calculation. Beside logic devices, another category of devices is memory, which is used
for storing information.
Figure 1.5 shows the schematic of a MOS memory, whose structure is very similar to a
MOSFET. In the gate region, there is a charge-trap layer used for charge storage. At certain VG
conditions, electrons are injected into the charge-trap layer from the channel. After that, even
the VG is not applied, the electrons are locked in the layer and will not be lost, thus it is also
called non-volatile memory. The mechanism of memory device is a little complicated, since
it includes reading, writing, initialization, formatting, etc., which will not be explained here in
detail.
It is worth mentioning, with the development of IC, the structure of MOS transistors or
memories is no longer exactly constructed by metal and oxide on the top of Si. For example,
poly-crystalline Si (poly-Si) gate is used instead of metal gate for its thermal stability, and
nitride (SiN) are used instead of SiO2 for its high dielectric constant. Such devices are still

































Figure 1.5: Schematic of a MOS memory for demonstrating the function.
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1.2 Scaling trend and impurity confinement
Over the past decades, the scale of the MOSFETs is continually shrinking for satisfying the
demand for higher integration degree, and thus higher computation speed in a chip with same
area. Even though several new concepts and structures, such as nanowire [2], two-dimensional
(2D) materials and nanotube [3], are proposed to be potential sub-10 nm transistors, current
integrated circuits technology is still on the basis of traditional MOSFETs. Several important
parameters of a typical MOSFET are shown in figure 1.6. L is the channel length and W the
channel width. X j is the junction depth. Cox and t are the capacity and thickness of the oxide
layer.
Figure 1.7 shown the evolution of leading-edge MOSFET structure at each technology node
and the year [4]. The technology node (∼ nm) can be approximately considered as the channel
length L shown in figure 1.5. In 2003, Si-Ge strained transistor enables the 90 nm node technol-
ogy; in 2007, high-k dielectric metal gate transistors improved the technology node to 45 nm;
and in 2011, the invention of multi-gate FinFETs pushed the technology to 22 nm node.
An IC chip, which is also called very large scale integrated (VLSI) circuit, is integrated or as-
sembled with thousands of fundamental devices such as MOSFETs. To realize this integration,
a complete process flow is needed: wafer cleaning, lithography, oxidation, ion implantation,
film deposition, etching, interconnecting, encapsulation, and so on. During this process, except
for dopants, several other species of impurities are also incorporated into the Si device, such as
H due to wet oxidation or etching, C and O due to air exposure, and so on. The distribution of
these impurities are detrimental to the performance and reliability of the devices.
Since the function of the device are determined by the cooperated impurities, include
dopants and other impurities, continuous shrinking of device scale requires a better control of
the impurities distribution, i.e. nanoscale confinement of the impurities.
There are several techniques to confine the impurities distribution, three typical methods
among them are shown in figure 1.8:
1. Co-doping Adding a supplementary element, can be used to control the principle dopant
element. This method is used for controlling the in-depth diffusion of the principle dopant.
For example, C co-implantation can be used to suppress P and B diffusion in crystalline Si [5,









Figure 1.6: 3D schematic of a MOSFET for demonstrating the important parameters.
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Figure 1.7: TEM images of device structure of technology nodes in recent decade. Figure from [4].
2. Blocking layer Using a special layer to prevent the penetration of unwanted impurities
into the protected region. For example, using a tungsten (W) mixed cobalt (Co) layer could be
used to prevent copper (Cu) diffusing from the Cu-interconnect [8].
3. Lithography mask Lithography is a typical method to control the lateral range of the
dopants. The resolution of lithography relies on the wavelength of incident beam. The light
source for photolithography used to be visible light, ultraviolet (UV) light, extreme UV light.
Electron beam could be accelerated to decrease its wavelength to less than 1 nm.
7
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(a) Co-doping (b) Blocking layer (c) Lithography mask
Figure 1.8: Schematic illustration of three typical methods for impurities confinement.
1.3 Main work of current thesis
Corresponding to the three typical methods on impurities confinement, we selected three inter-
esting part as the research topics of current thesis:
1. Coimplanted C suppressing B diffusion. As the channel length L is shrinking, the junc-
tion depth X j need to be downscaled simultaneously, in order to avoid the short channel ef-
fect. As shown in figure 1.9 (a), the transient enhanced diffusion (TED) of B during the post-
implantation annealing is an obstacle to restrict the junction depth. Carbon (C) coimplantation
is proposed as an effective method to suppress B diffusion but the mechanism is still unclear.
2. Blocking of H penetration in high-k stacks. High-permittivity (high-k) materials based on
hafnium dioxide (HfO2) have been widely used as gate dielectrics in logic devices. As shown
in figure 1.9 (b), H2 may lead to instability and reliability issues in electronic devices. Alumina
(Al2O3) has been reported as a potential H2 diffusion barrier for preventing H attack but this has
not been directly demonstrated, since the observation of H is difficult by traditional techniques.
3. Distribution of ions implanted through EBL nano-aperture. Implantation of dopant ions
through a resist mask with nano-apertures is a method to realize a deterministic uniform dopant
distribution. Electron beam lithography (EBL) is a potential technique for sub-10 nm device
fabrication. The distribution of ions near a mask edge is critical for device performance, but
such information is difficult to obtain, as shown in figure 1.9 (c).
The background of the three topics are briefly described, and detailed introduction on each
work will be presented in each corresponding chapter.
For realizing the confinement of impurities, we need to understand their behaviors and the
mechanisms responsible for the behaviors. In order to understand the mechanisms, the visual-






















Figure 1.9: Schematic of the three main topics of current thesis. (a) Coimplanted C suppressing B
diffusion; (b) Blocking of H penetration in high-k stacks; and (c) Distribution of ions implanted through
EBL nano-aperture.
tion.
Therefore, the research purpose of current work is
(1) Visualization of the impurity distribution in the nanoscale region; and
(2) Understanding of the mechanisms of impurities behavior.
The most widely used techniques for characterizing semiconductor materials and devices
are secondary ion mass spectrometry (SIMS) and transmission electron microscope (TEM).
SIMS is able to obtain the one-dimensional (1D) concentration profiles, however, without the
information on other dimensions. TEM is able to demonstrate the sample structure and crystal-
lization state, but cannot provide the information on element distribution and composition.
Recently, atom probe tomography (APT) has emerged as a powerful technique for its capa-
bility of obtaining 3D elemental distribution maps with nearly atomic scale resolution [9]. In
preparation for APT measurements, samples are fabricated into a needle shape, and the appli-
cation of a focused ion beam (FIB) enables the site-specific extraction of the region of interest
during the needle fabrication process. The implementation of pulsed laser has enabled its ap-
plication to semiconductor materials.
Therefore, in the current work, APT will be mainly used to study the above-mentioned three
research topics, SIMS and TEM will be used for providing some supplementary investigation.
We hope to achieve a better understanding on the impurities behavior and the mechanisms. Such
a study will provide very important information for the further confinement of impurities and
9
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finally enhance the performance and reliability of future nano-electronic devices.
The whole thesis contains 6 chapters:
Chapter 1: Introduction In this chapter, we briefly introduce the fundamental knowledge
on semiconductor materials and the development of devices. For satisfying the requirements of
future electronics, confinement of impurities in nanoscale region is needed. Such a background
leads us to the three main research topics and the method to study these topics.
Chapter 2: Atom Probe Tomography In this chapter, we introduce the main experimental
technique used in current thesis, which includes its working principle, developments, sample
preparation and analysis tools.
Chapter 3: Effect of Coimplanted C on B Behaviors This chapter introduces the first
research topic of current work. Firstly, we investigated the possible artifacts of APT on B distri-
bution and thus optimized the laser condition. Then, we studied the B diffusion and clustering
at different temperatures, and demonstrated the relationship between clustering and diffusion.
Finally, the effect of C on B behavior is studied. It turns out the effect of C is complicated on
influencing the B diffusion at different temperatures.
Chapter 4: Blocking of H Penetration in Al2O3/HfO2 High-k Stacks This chapter intro-
duces the second research topic of current work. We explained the role of H in high-k dielectric
stack devices and the difficulty of measuring H in APT. By introducing an alternative -deuterium
(D), we clearly demonstrated the trapping of H-species in the stacks.
Chapter 5: Distribution of Ions Implanted through Nanoapertures This chapter intro-
duces the third research topic of current work. We clarified the importance of deterministic
doping and implantation through nano-apertures. By using APT, we obtained the distribution
of ions implanted through the nano-aperture and give speculations on the discrepancy between
experiment and simulation results.
Chapter 6: Summary and Perspectives The last chapter of current thesis. We give a




2.1 APT and its application
Microscopic observation and examination is necessary in the study of material science, since the
structural elements and defects will influence the mechanical, electrical, optical and magnetic
properties of materials. Since from 1990s, atom probe tomography (APT) has emerged as
one of the most important analytical microscopy techniques. It is capable of obtaining three-
dimensional (3D) elemental distribution maps with near atomic-scale resolution.
Figure 2.1 demonstrated the detection range and resolution of the major analytical mi-
croscopy techniques, which includes APT, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and secondary ion mass spectrometry (SIMS) [10]. APT exhibits
several unique advantages: 3D imaging, high-resolution (< 1 nm) with a chemical sensitivity
down to 10 ppm.
The main physical principle of APT is based on field ionization and evaporation, as we will
describe in next section. It is originally widely used in materials with good electrical conduc-
tivity, metals. Figure 2.2 demonstrates clear Si, Ni, and P segregation at the grain boundary
and Si, Mn, and Ni clustering in neutron-irradiated austenitic stainless steel, which is one of the
main materials used in light water nuclear reactors [11].
Implement of laser enabled APT to investigate semiconductor materials and devices because
it could provide a thermal assistance for lowering the energy barrier for field evaporation. Figure
2.3 (a) demonstrated dopant distributions over entire regions of an n-type MOSFET structure
[12]. APT is also used to map the dopants distribution in nanowires. Figure 2.3 (b) gives the
11
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Figure 2.1: Range of spatial resolution and chemical sensitivity of several major microscopy techniques.
Figure courtesy of CAMECA Instruments, Inc.
3D elemental distribution of the ions for demonstrating the behavior of B dopant in a core-shell
structure nanowire [13].
Some pioneers are trying to further broaden the application of APT on biological materials
such as human tooth [14], and geological materials such as zircon [15].
12
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Figure 2.2: Atomic maps of various solute atoms in neutron-irradiated stainless steel. The volume is
70×240×20 nm3. Arrows indicate the observed grain boundary. Figure from [11].
(a) (b)
Figure 2.3: The 3D atom maps of (a) a MOSFET and (b) a core-shell nano-wire demonstrated by APT.
[12, 13].
13
Chapter 2. Atom Probe Tomography
2.2 Origin and developments
2.2.1 Field evaporation
Ejecting an atom from the surface of a sample by electric field is called field evaporation. This
process includes ionization and desorption induced by an intense electric field. Let us explain
this process from the most basic model [16]: bonding between two atoms, M and N, as shown
in figure 2.4 (a). Here we suppose M is stabilized, and the potential energy of N will be studied.
Both attractive force (FA) and repulsive force (FR) exist between the two atoms whatever the
distance is. The closer the distance is, the stronger the both forces are. When the distance
r = r0, FA = FR; When r > r0, FA > FR, net force is attractive; When r < r0, FA < FR, net force
is repulsive, as shown in figure 2.4 (b). Imagine N is moved from infinity to r0, the moving
direction is along the attractive net force, thus the potential decreasing to a negative value,−E0.
When continuing move N from r0 to M, the moving direction is against the repulsive net force,
and potential energy gradually increase to infinity when the distance becoming as close to 0, as
shown in figure 2.4 (c).
Then, we replace M as a lattice surface, and N as an atom to emit. The potential energy
curve of the atom is similar to N in the above model, as shown in the solid line in figure 2.5
(a). If the atom is positively ionized, and the sample surface is positively charged as well, the
repulsive force between them become stronger and this additional part is from electrical force,
so the curve is shifted, as shown in the dashed line in figure 2.5 (b). Finally, if an electric field is
applied on the positive ion, the work made by the force of electric field is q ·E ·x, where q is the
charge state of the ion (the ion is sometimes multiple charged). This lead to the decrease of the
potential energy of the ion, so the actual potential energy of an ion in the electric field should
be the summation of the two parts, which is indicated by the dashed dot line in figure 2.5 (c).
As shown in figure 2.6, for an ion to break the bonding of the surface in the electric field, or
jump out of the potential well, an energy of QiE is needed. It is worth noting the QiE is field-
dependent, because the electric field E can modulate the shape of the curve, and thus change
the height of this energy barrier. Based on above introduction, the process of field evaporation
is: one or several electrons of the surface atoms are drained beneath the surface and the atoms
are ionized; then an additional energy higher than the barrier (QiE) is provided, and the ions are
pulled away from the surface due to tunneling effect; finally, the created ions are accelerated
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Figure 2.4: (a) Schematic of the interaction of two atoms (b) the dependence of repulsive, attractive and
net forces, and (c) the potential energy of two atoms on the distance between them. Figure from [16].
by the surrounding field away from the surface. In order to provide the energy QiE as well as
controlling the evaporation rate, there are two possible methods: pulsed voltage or pulsed laser.
Pulsed voltage is able to further lower the potential barrier during the pulse. Pulsed laser is
able to provide an excitation energy for the atom to jump out of the potential well, the exact
mechanism of pulsed laser is still under debate and the most widely accepted explanation is
laser induced local heating effect, which will be discussed later in the following sections.
Since field evaporation is considered a thermally assisted process, its probability, Pevap, can
be modelled by the Maxwell-Boltzman equation:
Pevap ∝ exp(−QiEkBT ), (2.1)
where kB is the Boltzmann constant, and T is the absolute temperature, and QiE is the energy
15



























ionic in electric field
Figure 2.5: The binding potentials of an atom/ion at the sample apex at several conditions: (a) atom near
the specimen surface, (b) ion near the charged surface, and (c) ion near the charged surface in electric
field.
barrier required to emit the ions. Besides, the thermal vibration of atoms on the surface also
provides a frequency υ0, so the number of ions evaporated per second, i.e. evaporation rate, can
be written as an Arrhenius law:
Φevap = υ0 · exp(−QiEkBT ). (2.2)
Each vibration is an attempt to get evaporated, and the atom is testing the potential barrier that
hold it on the surface.
Combing the gradual increasing of standing voltage and pulsed voltage or laser, the evapo-
ration rate of the specimen could be controlled.
2.2.2 Field ion microscope
Field ion microscope (FIM) is regarded as the precursor of modern APT, which is invented by
Mu¨ller in the 1950s [10]. Both of APT and FIM are based on the principle of high electric field
induced surface desorption. Unlike the evaporation of specimen host atom and demonstrate
the 3D atomic structure in APT, FIM is to provide atomic-resolution image of the surface of
a specimen through the field evaporation of the intentionally introduced imaging-gas atoms.
Imaging gas, usually rare gas, is introduced to the vicinity of a sharped needle apex. Under
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Figure 2.6: Pulsed voltage or pulsed laser for controlling the atom to get rid of the surface.
high electric field, gas atoms are ionized close to the apex of specimen, and accelerated away
by the strong electric field. When the accelerated gas atoms hit a phosphor screen, a map
with certain patterns is formed, which can be used to demonstrate the information on the local
morphology of the specimen surface, as shown in figure 2.7.
The image shown as an example on the screen is a pure tungsten (W) FIM graph. From the
image shown in the screen, a pattern of concentric circles can be seen. These circles appear
due to sets of low-index crystallographic planes that form rings of terraces around the crystal-
lographic direction, which is called as a pole. Zone lines join the facets formed around these
poles. FIM highlighted the positions of the atoms protruding from the surface. The location
and shape of crystallographic features in the FIM image are specific to certain crystallographic
structure [17]. This pole and zone pattern can be observed in APT measurement (hit histogram)
and reconstructed atom map as well. Since the main bulk material for in current thesis is Si,
we showed the pattern of Si in figure 2.7 (d), the (100) low-index pole is presented in the APT
reconstructed map. The roughness (in atomic level) of the surface associated with poles and
zone lines lead to subtle inhomogeneous distribution of electric field on the specimen surface.
For example, the electric field is enhanced by 15 to 20 % at the edges of the atomic terraces
[10]. These variations lead to trajectory aberrations, which means slight modification of the ion
trajectory. Such trajectory aberrations are reflected to be poles and zones of high or low density
on the detector, which is the origin of the pole and zone pattern in APT data.
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Figure 2.7: Schematic of an FIM. (a) Only the atoms from the very last shell (in green) of the surface can
be imaged; (b) Equivalent model of stacked spheres arranged on the bcc-lattice. (c) Similar view, with
the most protruding atoms highlighted in green. (d) The pole and zone of Si. Figure from [10]
The mechanism of FIM can be described by a point projection model, as shown in figure
2.8. The radius of needle specimen apex need to be less than 100 nm for generating high electric
field. The shape of tip is usually modeled as a cone with a hemispherical top. The half angle of
the apex is referred to as shank angle. As shown in figure 2.8, if a high voltage (V ) is applied to a






where k f is referred to as the field factor, which is a modification since the tip is not exactly
spherical. k f is influenced from many aspects: shank angle, shape of specimen, etc. The ions
fly under the electric field and behave as if they are projected to the screen. The magnification





where L is the distance between the tip apex and the screen, and ξ is a constant called image






For typical values of L=90 mm, ξ=1.5, and R=50 nm, a magnification of 106 is achieved.
The ability of such a high magnification makes FIM an important technique demonstrating
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Figure 2.8: Schematic of the point-projection model of FIM. R is the radius of specimen apex curvature,
L is the distance from specimen apex to the detector, θcrys is the actual crystallographic angle, θcrys is the
angle of projection derived from the point on the detector.
the behavior of certain ions on the surface during the field evaporation process. Above model
describes the mechanism of FIM, and it is generally applicable to APT as well.
2.2.3 Atom probe tomography
When the voltage applied to the specimen is increasing, the intense electric field is not only
able to evaporate the temporarily absorbed gas atoms, but also the host atoms of the specimen,
which is the mechanism of APT.
The schematic of APT is shown in figure 2.9 [18]. Usually, the samples need to be made
into a needle shape for generating a strong electric field under a standing high voltage. The
atoms on the outmost surface of the needle specimen on the apex are then ionized. With the
assistance of pulsed voltage or pulsed laser, the ions or ionic molecules on the outer surface
could be evaporated one by one. The evaporated ions are then accelerated by the electric field
before they hit on a position sensitive detector, which is able to provide the x− y 2D spatial
information of the ions. From the sequence of ions evaporated, i.e. the elapsed time, of the field
evaporation, the z information of the ions could be obtained.
Assuming the ion leaves the surface with no initial velocity, its motion from the specimen
19
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Figure 2.9: Schematic illustration of APT (not in scale). Figure from [18].
















where a is the acceleration of the ions in the electric field, L is the distance from the surface to
the detector, t is the time of flight, E is the electric field, V is the total voltage, q and m are the







This formula indicates that by measuring and recording the voltage and time of flight of the
ion, mass-to-charge state ratio of the ion could be calculated, which could be used to identify
the elemental type. With the x, y, z spatial information, and the elemental type of the ions, a
“3D reconstruction” in real space could be realized.
Figure 2.10 shows an example of a reconstructed 3D elemental map of an n-MOSFET and
the corresponding mass spectrum, in which the related peak are identified [19]. For example,
the peaks at m/q=15.5 and m/q=31 are corresponding to the P2+ and P+ ions, and the peaks at
20
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Figure 2.10: (a) 3D elemental maps of actual 65nm node n-MOSFET. Nickel, phosphorus, arsenic,
oxygen, and boron atoms are shown. (b) The corresponding mass spectrum of the n-MOSFET obtained
by APT. Figure from [19].
m/q=14, 14.5, and 15 are corresponding to the 28Si2+,29Si2+, and 30Si2+ isotopes of Si. Besides,
in some cases two or more atoms are co-evaporated as a molecular ion, for example, peak at
m/q=44 is corresponding to SiO+ ion. If different ions with same mass-to-charge ratio, they
will be overlaid in the mass spectrum, such as Ni+ and SiO2+, but the amount of each ion could
still be obtained based on the natural abundance of stable isotopes.
The field evaporation is the effect of combination of standing voltage and pulsed volt-
age/pulse. Ideally, evaporation only occurred with the appearance of each pulse. The time
of flight for the ions is the difference between the pulse and the hit event on the detector, which
are used to calculate the mass-to-charge ratio. However, the standing high voltage can lead to
the desorption of the atoms attached on the specimen or the sample stage. Since these ions are
evaporated by the standing voltage, thus they were recorded continuously on the detector and
not related with the pulse. Such events are the origin of background level of the mass spectrum.
Therefore, high voltage will lead to high background level since the voltage is applied on the
whole specimen stage. By using pulsed laser to irradiate the specimen apex directly, the voltage
required to achieve same evaporation rate is actually reduced, thus the background is reduced.
The mechanism of APT is introduced in above contents. However, modern APT with robust
performance cannot be realized without several vital developments: local electrode, position
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Figure 2.11: Several important developments of APT: local electrode, position sensitive detector, reflec-
tron, and pulsed laser. Figure from [18].
sensitive detector, reflectron, and laser pulsing, as shown in figure 2.11.
(1) Local Electrode
The local electrode was invented by Nishikawa when developing scanning atom probe [20].
The idea is to put a funnel-shaped electrode close to a surface with a high electric potential, thus
the sharp points in the region opposite to the local electrode start to evaporate, as shown in figure
2.12 (a). This development inspired the thinking on sample geometry: to make a sharp-needle
shaped specimen, as shown in figure 2.12 (b). Figure 2.12 (c) shows the simulated electric field
near the needle specimen close to a local electrode.
A local electrode can be used to lower the voltage for ion extraction and attain high data col-
lection rate. Besides, the reduction in the energy spread made it possible to achieve higher mass
resolution. A local electrode actually enables the in-a-row measurement of several specimen in
one specimen stage.
Local electrode actually solved three biggest issues with the atom probe of the day: speci-
men geometry, data collection, and mass resolution over a large field of view. This concept had
a major impact on how one could think about specimens and instruments [21].
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(a) (b) (c)
Figure 2.12: (a) Schematic of grooved specimen. (b) Schematics of the extraction electrode and a tip
formed by grooving, (c) Simulated equal-potential and field lines around the tip and the local electrode.
Figure from [20].
(2) Position Sensitive Detector
The position sensitive detector is combined with a micro-channel plate (MCP) and a delay
line detector (DLD), as shown in figure 2.13 [10].
The total voltage applied to the specimen and the detector is usually less than 15 kV during
the measurement. The ions could be accelerated to an energy of several kilo-electron volts. In
order to extract useful information on the x− y spatial information, the signal provided by the
ion hit on the detector need to be amplified. The MCP is used to provide such an amplification.
Each channel in MCP is a system to convert the incident particle impact into a cascade of
secondary electrons. The channel inner wall is made of high resistive material (usually glass),
and it works as electron emissive wall in the tube [22]. The diameter of such tubes in about 10
µm, and the output of such a tube is electron cloud with about 107 electrons. MCP is made of
an array of large amounts of such tiny tubes.
The typical DLD system is made of two independent delay line wires disorientated perpen-
dicular with each other, which is placed at the output of MCP for receiving the electron cloud.
One part of the electron cloud is collected by the upper wire (X), and two analog signals are
created and travel to both ends of the wire. The time to the ends are tx1 and tx2. The rest part
of electron cloud is then collected by the lower wire (Y). If the length of the x delay line and y




·Lx, y = ty1ty1+ ty2 ·Ly, (2.8)
which can be used to obtain the 2D coordinate on the detector, XD and YD.
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Figure 2.13: Schematic of a position sensitive detector composed of MCP and DLD. The MCP transform
the impact of an ion into a cascade of electrons. The DLD receive the electrons and convey the signal to
both ends of the delay lines.
The latest detector contains triple delay-lines since it could provide more precise informa-
tion (one additional dimension for confirmation) for detecting the “multi-hit” events, in which
two or more ions hit on the detector at very close time interval and spatial distance.
(3) Reflectron
Ideally, the ions with same mass to charge ratio should be have a same time of flight, thus
each peak in the mass spectrum is close to a delta function, whose full-width-half-maximum
(FWHM) is zero. However, in an actual mass spectrum, the peak is always broadened to some
extent because the time of flight for each ion varies slightly with several factors, such as the
kinetic energies (initial velocities after desorption) and the trajectories. In some cases, this
spread can be quite serious that the two or more close peaks in the mass spectrum cannot be
distinguished.
A reflectron is a technique to improve the time of flight mass resolution. As shown in figure
2.14 (a), the reflectron lens is a series of evenly spaced electrodes with electric field applied,
which are able to reflect the travel of ions. Ions with same mass to charge ratio but different
initial velocities will travel different flight lengths in the reflectron. Higher energy ions (blue)
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Figure 2.14: (a) Illustration of the effect of a reflectron. (b) Mass spectra of Si devices with and without
a reflectron. Figure from [18].
arrive at the reflectron faster but penetrate deeper inside and thus traveling longer flight lengths.
By such a method, the flight time of ions with same mass to charge ratio are almost the same,
which improved the mass resolution.
Figure 2.14 (b) shows mass spectra of Si devices with and without reflectron. The upper
shows the whole spectrum and the bottom amplified the region from 13 to 17. The right figures
shows the range from 13 to 17 (the dashed rectangle in the left figure). In the mass spectrum
without reflectron, the peaks of P2+ and O+ are almost invisible due to the high tail of Si peaks.
In the mass spectrum obtained with a reflectron, the P2+ and O+ peaks are well isolated with the
Si peaks.
Therefore, employment of reflectron is capable of reducing the tail of peaks in mass spec-
trum, and improving the mass resolution of the instrument.
(4) Laser Pulsing
As we mentioned in previous sections, the ions at the surface of specimen apex are ready
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to evaporate when subjected to intense electric field. An assistance from the voltage pulse or
laser pulse is needed to trigger the evaporation and control the rate. However, due to the limited
electric conductivity, the electric field is not so localized at the needle apex when the sample
is made of dielectric material or semiconductor materials, as shown in figure 2.15 [23]. It
requires much higher voltage to reach high enough electric field for triggering the evaporation,
but such a high voltage may lead to other problems such as sample fracture and high noise
ratio. Therefore, a laser pulse directly illuminating the apex is useful for such materials with
poor electric conductivity. Tsong and Kellogg implemented the first laser source for atom probe
microscope in the 1970s [24]. Since 2006, nanosecond (ns), picosecond (ps) and femtosecond
(fs) laser sources have been equipped on various types of atom probes.
The exact mechanism of pulsed laser induced field evaporation is still in debate. Because
laser is a kind of electromagnetic wave, which may contribute to the total electric field for
evaporation. This is called “field modulation mechanism” [25, 26]. For example, Hono et al.
proposed that the electrons near the surface can be excited by the photons of laser pulse, which
lead to the holes accumulation at the apex of the needle and thus enhanced field evaporation of
the ions [26].
However, the more widely accepted explanation is thermal pulsing. A reasonable process of
laser-specimen interaction is: in the first few fs, electrons absorb the photons and the electron
cloud is warmed, the lattice could be regarded as frozen during this short time; then the hot
electron cloud transfer heat to the lattice atoms by electron-phonon coupling, which occurred
in the time scale of several ps; this transiently increased temperature promotes the agitation of
surface atoms and provokes evaporation; when the laser irradiation pulse lost, the sample is
soon quenched to base temperature and transferring heat from the surface to the core and from
top to bottom of the specimen.
The laser used in our APT system has a wavelength of 355 nm (UV), a pulse duration less
than 10 ps. If we set the pulse frequency at 200 kHz (period for one pulse is 5 µs), the schematic
of sequence of laser and temperature is shown in figure 2.16. When the temperature arises to
be higher than a threshold value, the field evaporation is triggered. Since the evaporation may
occur at any instant during the period higher than threshold value, the velocity of the ions
emitted from the surface are slight different with each other, which lead to a variation of time
of flight for different ions of the same element. Therefore, a thermal tail usually appears in the
peaks of mass spectrum, and the FWHM is determined by the heating/cooling rate.
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Figure 2.15: Electric field and potential near a metal and dielectric sample apex. The electric field near









Figure 2.16: The schematic of laser pulse and the induced thermal pulse on the specimen surface.
The evaporation could be triggered by either voltage pulsing or thermal pulsing, which
actually provides a method to estimate the temperature of specimen surface during laser illumi-
nation. This method is explained in Marques and Gault’s work on measuring W-Re alloy [27],
even though it is firstly suggested by Kellogg [28]. First, in voltage pulsing mode, the measure-
ment at 50 K is set as a reference. Then, measurements are performed at different temperatures
(20-350 K) to realize a constant evaporation rate with other parameters fixed, and the voltage
difference between that temperature and 50 K is recorded, as shown in figure 2.17 (a). Sec-
ond, in laser pulsing mode, the base temperature is set to 50 K. Measurements are performed
at different laser energy to realize a constant evaporation rate with other parameters fixed, and
voltage difference between that temperature and 50 K is recorded, as shown in figure 2.17 (b).
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(a) (b)
Figure 2.17: Voltage change applied on the specimen as a function of temperature to maintain a constant
evaporation rate at (a) voltage pulsing mode and (b) laser pulsing mode. Figure from [27].
Finally, the temperature difference in voltage mode and the laser energy in laser mode are con-
sidered to be equivalent on compensate the voltage difference from the reference experiment. It
is worth noting that this temperature is rather an approximation of average temperature during
the duration of evaporation than the apex temperature.
The cooling time of the specimen surface depends on the thermal conductivity of the ma-
terial and shape of the specimen. The cooling rate is proportional to the temperature gradient,
thus a finely focused laser spot induced a large temperature difference between the apex and
shank is better for sample cooling, and a highly resolved mass spectrum. Cooling time of sev-
eral hundred ns for a tungsten tip is predicted by experimentally observed by Vurpillot et al.
[29]. By solving a heat equation at the condition of a semi-infinite rod model, an analytical
solution of the equation can be used to estimate the temperature arise and cooling time. The
temperature of the surface can be written as:
T (t) = T0+Tmax
√
1+2(αt/δ 2L ), (2.9)
where α is the thermal diffusivity of the material, δL is the size of the laser beam. Since the
beam is a Gaussian beam, the value is correspond to the diameter of FWHM of the beam.
Experimentally, a “pump-probe” method is used to test the specimen temperature [29]. There
is a corresponding value of voltage and temperature contributes equivalently for trigger field
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Figure 2.18: Schematic of the time sequence of pump-probe method for estimating the surface tempera-
ture after laser pulse.
evaporation, as shown in figure 2.17 (a). After each laser pulse, the temperature decreases and
detection rate decreases. If a voltage pulse is applied after a certain interval from the laser
pulse, the detection rate can be increased to the reference value again during this voltage pulse,
as shown in figure 2.18. The amplitude of this voltage pulse could be used to estimate the
specimen temperature, as shown in figure 2.19 [29]. By performing such steps at several certain
time interval after the laser pulse, a curve of T − t could be obtained. The triangle dots in figure
2.19 are the results obtained by this method, this curve is then used to fit the above equation,
and the parameters could be obtained.
Even though laser pulsing enabled the application of APT on semiconductor materials and
devices, special care should be taken when performing experiment and interpreting the results.
Laser induced local heating promoted the atoms agitation, which increases the possibility of not
only emission, but also the migration, or directional walk [30], over the specimen surface. In
next chapter, we will discuss this point and demonstrate its influence on B distribution in Si,
which is one of the achievements of this thesis.
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Figure 2.19: Variation of the temperature after the laser pulse for a W tip. The dashed line indicates the
fitted curve. Figure from [29].
2.3 Sample preparation
Samples for APT measurement should be made into needle shape for generating intense elec-
tric field. Electrochemical polishing used to be the most widely utilized technique for specimen
fabrication. This technique is applicable on metal or alloy samples, since the APT researches on
such samples are mainly focused on the bulk region for demonstrating the relationship between
mechanical properties and microstructure. However, the case of semiconductor is quite differ-
ent. The region of interest for semiconductors are mainly near the surface, which is suitable
for practical device manufacturing. Therefore, a “site-specific” specimen fabrication method is
required for semiconductor materials and devices.
Recently, SEM-FIB dual beam system has emerged as the widely accepted technique for
site-specific needle fabrication method [31, 32], which is also the main method we used in
current thesis. SEM uses a focused beam of electrons to image the sample surface morphology,
while FIB uses a focused beam of ions instead. The schematic of SEM and FIB are shown in
figure 2.20 (a) and (b).
In SEM, electrons can be generated by filament or field emission gun, the latter is better
for generating small beam size with high coherence. Then the electrons are focused by electro-
static lens and incident onto the sample. By detecting the secondary electrons generated on the
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Figure 2.20: Schematic of (a) SEM, (b) FIB and (c) the dual-beam system.
surface, we could obtain the morphology of sample surface.
In FIB, gallium (Ga) is a typical source since because of its low melting point, 29.8 °C.
The melted Ga liquid is placed in contact with a tungsten (W) needle and flow to the apex
and form a cone with extreme small radius (∼ 2 nm), then get ionized and field evaporated by
intense electric field. The Ga ions are then accelerated to an energy of several or tens of keV,
and focused by electrostatic lens to form a probe to scan on the specimen at certain patterned
region. FIB can be used for milling when the Ga ions are accelerated to high energy thus could
be used to damage the sample. FIB can also be used for deposition. If another gun is inserted to
release a certain kind of gas, for example Pt or C, the Ga ions will heat the Pt/C atoms to attach
on the sample specimen. FIB deposition is usually used for protecting the sample surface or
connect the weak region, and it should be used with lower acceleration voltage compared with
being used for milling.
Combining SEM and FIB in one system enables in-situ high-resolution imaging and site-
specific micro-fabrication. The SEM-FIB dual beam system used for specimen fabrication
in current thesis is FEI Helios Nanolab600i and FEI Quanta200. Figure 2.20 (c) shows the
schematic of the SEM-FIB dual beam system. The angle between the SEM beam and FIB
beam is 52°. The eucentric position for SEM and FIB beam is 4 mm below the SEM gun. Sam-
ple is attached on a holder of multiple degrees of freedom. It can be not only shifted up-down,
left-right, and inside-out, but also be tilted from -7° to 57°, and be rotated at any angle.
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①Capping & milling ②Pick up ③Mount on a micro-post
④As mounted ⑤During milling ⑥Final shape
Figure 2.21: SEM images showing the process of making a needle specimen.
A typical process of making needle specimen is shown in figure 2.21. First, a Pt layer
is deposited on the sample for protecting the surface, and the surrounding parts are milled and
bottom connection with the bulk is cut as well. Second, the sample is picked up by a manipulator
from the surface. Third, the sample is then mounted onto several micro-posts successively.
Fourth, the mounted region is gradually milled by a concentric patterned beam to a primitive
needle. Finally, a very low energy beam is used to mill the sample into final shape at a certain
depth as well as removing the damaged region on the surface. Until now, the needle is ready for
APT measurement.
It is worth noting that the surface of the sample can be damaged to a certain depth due to
FIB process, which could be roughly estimated by the stopping and range of ions in matter
(SRIM) software [33]. Therefore, the final step for milling the sample should be performed at a
very low voltage, typically 5 or 2 kV with regarding to different type of materials. Actually, no
matter how much the voltage we select, there will be residual Ga ions covered on the surface of
needle specimen, which could be regarded as damaged region. Therefore, we should exclude
the damaged region when analyzing the reconstructed data.
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2.4 Reconstruction
APT measurement is a destructive experiment, in which the region we observed is lost after the
measurement. Therefore, a “reconstruction” is needed to rebuild the structure, i.e. to obtain
the 3D spatial elemental map. Generally, reconstruction is a step to determine the element type
and coordinates of the detected ions. Based on the model we describes in FIM, we learned
several parameters: image compression factor ξ = θcrys/θobs, magnification Mpro j = L/ξR and
the electric field F =V/(k f R), and field factor k f . The model is applicable to APT as well, and
the reconstruction protocol [34, 35] is based on such a model:
(1) The time of flights of the ions can be interpreted to a mass spectrum, in which the
elements and charge states of ions could be determined. Besides, there is a database of the
threshold evaporation field for different elements at different charge states, which can be found
in Ref. [36]. The voltage during the evaporation is recorded, which could be used to estimate





where Fe is the threshold voltage for the certain ion which could be obtained in ref [36], k f is
the field factor, which could be used for calibration.





where L is the distance from sample to the detector, usually several tens of mm. R is the
diameter of the apex, which is usually several tens of nm. So L R, which is useful for some
approximation. ξ is the image compression factor, which is another parameter to be tuned for
calibration.
(3) Since the X −Y coordinates (XD, YD) of the ions hit on the position sensitive detector








(4) Each atom is assumed to occupy a constant volume, which contributes to a depth incre-
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where Ω is the atomic volume of the ion, η is the detect efficiency of APT (about 37% in our
APT apparatus), S is area of the sample surface, SD is the area of the projected region in the
detector.
(5) The curvature of the tip surface is not yet considered for calculating the depth coordinate
z. To perform an ideal depth reconstruction, a depth correction is needed to compensate the
artificial “delay” for accumulating the ∆z values for the ions in the center region, since they
are evaporated behind the ions at the edge in deeper thickness. This delay is proportional to the
distance from the emitting site to the center. Assuming the emitter shape is half-spherical, the













Above all, as shown in figure 2.22, the reconstruction process is: (a) Ions are evaporated
based on the certain sequence. Usually the ions at the edge of outmost surface are evaporated in
front of the ions in the center or deeper region. (b) The initial reconstruction of the ions based
on the sequence of detection and the z coordinate is obtained simply by accumulate the ∆z. (c)
The final reconstruction with consideration to the curvature of the apex and compensated the z
axis.
Usually a certain character of the measured specimen could be used as a marker for calibrat-
ing the reconstruction, for example the flatness of interface, the thickness of a layer. Sometimes,
the distance between different atomic layers is also a value used for calibration. The 3D recon-
struction and subsequent analysis are performed by utilizing the interactive visualization and
analysis software (IVAS) package [37] designed by CAMECA Instruments, Inc.
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Figure 2.22: Schematic of evaporation and reconstruction. (a) Ions are evaporated following an order;




After the reconstruction, we could select a certain shape (usually a cylinder, cube or sphere) of
region of interest (ROI) within the whole reconstructed dataset. One dimensional (1D) concen-
tration profiles can be generated along a certain direction of the cube or the axis of the cylinder.
The extract ROI can be divided into many equal-thickness (for example, 1 nm) slices along the
analysis direction, and the count of each ions could be obtained to calculate the concentration
(atomic/ionic).
Figure 2.23 (a) shows an example of the atom map and the corresponding concentration
profiles of InGaN/GaN multi quantum-wells [38]. Such 1D-concentration profile is usually
used to demonstrate layer structures, as well as some segregation effect at the interface by
detecting the local elemental concentration.
However, when analyzing the dopant concentration in semiconductors, for example the con-
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Figure 2.23: (a) In atom maps (b) concentrations of elements of InGaN/GaN multi quantum-wells. Figure
from [38]. (c) Atom map of a core-shell structure nanowire (red for Ge, gray for Si). (d) The 1D
concentration profiles of the B dopants (blue) in the nanowire. Figure from [13].
centration of implanted ions over the depth, the fluctuation of the concentration profiles is quite
serious, because the doping concentration is usually low, and the field of view of APT is limited
to no more than 200 nm. Therefore, in the cases for obtaining smooth 1D-concentration profiles
with large field of view, SIMS is a better choice since the region for SIMS measurement is about
several tens of micrometers.
Actually, obtaining the concentration information in a fine, nanoscale region is exactly the
feature of APT. It could be an advantage. For example, in figure 2.23 (b), we successfully
obtained the concentration profiles of B in a core-shell structure nanowire, which is difficult to
obtain by SIMS or any other techniques [13]. In Chapter 5, we will show that APT is able to
demonstrate the distribution of ions implanted through a nano-aperture, which is hard to obtain
by other techniques as well.
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Figure 2.24: (a) The atom maps of P and Cu projected in x− y plane and x− z plane. (b) 2D contour
maps of Cu in x− y plane and x− z plane. Figure from [9].
2.5.2 2D contour map
Similar to the 1D-concentration profiles, the ROI could be projected along one direction, and
then the projected 2D map could be divided into many grids. In each grid, the count of each
ions could be obtained, and their concentrations could be calculated. Then, a contour map could
be obtained to show the concentration of a certain element. Usually 2D contour map is used to
demonstrate inhomogeneous distribution. For example, figure 2.24 demonstrated some copper
enriched precipitates located close to the dislocation [9].
In Chapter 3, we will use 2D contour maps to show the correlation of B and C. In Chapter 5,
we will use 2D contour maps to show the distribution of Ge implanted through nano-apertures.
2.5.3 Frequency distribution analysis
Frequency distribution analysis (FDA) is a unique analysis method of APT for describing the
randomness of element distribution. FDA is a grid/voxel-based method in which the number
of selected ions in each voxel can be obtained. For example (here we use a 2D dataset for
demonstration, the actual analysis is performed based on 3D dataset), a dataset of 5000 atoms
(including solute and host) with 600 solute atoms (A) are divided into 100 grids, thus each grid
contain 50 ions. If the solute ions are randomly or homogeneously distributed, as shown in
figure 2.25 (a), the distribution of count of grids containing certain amount of solute atoms is a
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binomial distribution:





where fb(n) is the binomial distribution of amount of grids contain n solute atoms, N is the total
count of grids (100 in current example), Pb(n) is the binomial probability distribution, nb is the
amount of all ions in one grid (50 in current example), XA is the proportion of solute atom A
(600/5000 in current example). Therefore, the binomial distribution of amount of grids contain
n solute atoms is:






The curve of this function is shown in figure 2.25 (c), which shows a binomial distribution and
indicates a random or homogeneous distribution.
If the distribution of solute atoms is not homogenous, such as some clustering or precipi-
tating phenomena occurs, as shown in figure 2.25 (b), the distribution of f (n) will be deviated
from a binomial distribution, as shown in figure 2.25 (d). The points at horizontal-axis coor-
dinate equal to 13 ∼ 17 indicate some grids contain much more solute atoms than the average
value, and it indicates the clustering or precipitates in the dataset. The peak of the curve shifted
toward the left, it indicates some grids are depleted with solute atoms.
In order to evaluate the randomness of actual distribution quantitatively, χ2 statics is used








where e(n) is the experiment result of actual distribution, fb(n) is the binomial distribution of
the same dataset.
It is worth noting that the value of χ2 increases with the size of the dataset. Therefore, the
implementation of the Pearson coefficient µ , is developed to normalize the dependence of χ2






The value of µ lies between 0 and 1. µ=0 means that χ2 N or χ2→ 0, which indicates
a homogeneous distribution; µ=1 means that χ2  N or χ2 → ∞, which indicates a huge in-
homogeneous distribution. Figure 2.25 (e)-(g) shows an example of the application of FDA on
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Figure 2.25: Schematic of binomial analysis. (a) Random and (b) non-random dataset of ion distribution;
the frequency distribution of the grids contain certain amount of ions in (c) random and (d) non-random
dataset. (e) Cu distribution in as-quenched, 2 hours aged, and 4 hours aged Al-Cu alloy, (f) the frequency
distribution of the corresponding samples, and (g) the Pearson coefficient of the corresponding samples.
Figure from [10].
describing the inhomogeneous distribution. Figure 2.25 (e) shows a series of Cu atom maps in
Al-Cu alloys that has been subjected to different thermal treatments: as quenched, aged for 2
hours, and aged for 4 hours. The corresponding frequency distribution of Cu and a theoretic
binomial distribution is shown in figure 2.25 (f). The Pearson coefficient values are shown in
figure 2.25 (g). We could see that the distribution of Cu in thermal aged samples are deviated
from binomial distribution, and demonstrated the clustering/precipitating phenomena.
χ2 statics also allows a hypothesis testing of the departure of randomness. Above equation
for χ2 approximately follows the χ2 probability distribution with nb degrees of freedom.





where x is the value of χ2, k is the degree of freedom, fk(x) is the probability of the event of
x with the degree of freedom k. The curves of probability distribution function are shown in
figure 2.26 (a).
The null hypothesis (H0) is: The solute atoms are distributed randomly in the dataset. After
performing a FDA on the distribution of solute atoms, we could obtain the value of χ2 and
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Figure 2.26: (a) Probability distribution of observed χ2 value at corresponding degree of freedom; (b)
p-value of the distribution at 3 degrees of freedom.
the corresponding degree of freedom, and a p-value could be obtained, as shown in the shade
region of figure 2.26 (b), which is the example that χ2=5 with 3 degrees of freedom. The p-
value describes how much did the actual result satisfy to the null hypothesis. The maximum
of p-value (P) equals to 1, where χ2=0, which indicates that the result totally meet the null
hypothesis, i.e. distribution is random. When the p-value is less than a critical value, we could
reject the null hypothesis, which indicates that the distribution is significantly deviated from
randomness. Usually, P < 0.05 is a strong evidence against the null hypothesis, and P < 0.01
is a very strong evidence against the null hypothesis [39].
When applying the χ2 statics analysis, very small value of fb(n) could contribute dis-
proportionally to the calculation and skew the analysis. For example, in figure 2.25, the “ef-
fective” degree of freedom of figure 2.25 (c) is 14, values of fb(n) at n larger than 14 are 0,
and the effective degree of freedom in figure 2.25 (d) is 17. On such a case, the degree of free-
dom for the two results are quite different, such a method may skew the analysis significantly.
Therefore, if the value of fb(n) is too small, the nth category can be merged to the (n+1)th or
(n− 1)th category in both experiment result and the theoretical binomial distribution, and the
degree of freedom is decreased at the same time. For example, fb(n)∼ 5 is sometimes taken as
the minimum acceptable number of entries [40].
In FDA analysis of APT, the values of χ2, degree of freedom, p-value, and Pearson coeffi-
cient µ could be generated in the IVAS software, as shown in the figure 2.27. In the following
part, we will sometimes use the FDA analysis for demonstrating the clustering phenomenon.
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Figure 2.27: An example of the interface of FDA analysis. The figure on the left shows the actual
distribution of voxels and the binomial distribution. The table on the right shows the parameters of
reduced χ2, degree of freedom (nd), p-value and µ of all the studied elements. Figure from [37].
2.6 Summary
This chapter is for introducing the main technique of current thesis-APT. First, we introduced
the unique features of APT compared with other techniques and its application on steels and
semiconductor materials. The mechanism and developments of APT are subsequently ex-
plained. One of important developments is laser pulsing, which is necessary for APT to be
applicable on semiconductors. The site-specific specimen fabrication is realized by using a
SEM-FIB dual beam system. After the measurement, a 3D reconstruction is needed to demon-
strate the spatial elemental distribution. Finally, we introduced several analysis method of APT,
which are important for following research topics.
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Effect of Coimplanted C on B Behaviors
Boron (B) is the principle p-type dopant in silicon (Si), and its behavior have a vital effect
on the performance of semiconductor devices. First, we investigated the effect of laser power
on the APT analysis on B distribution. We observed B accumulation at the low-index pole
of single-crystalline Si and segregation along the grain boundaries in poly-crystalline Si when
using high laser power (100 pJ). These effects are thought to be resulted from some short range
migration of atoms over the specimen surface prior to their evaporation, which is promoted by
high laser power [Tu et al., Ultramicroscopy 173, 58 (2017)]. Second, APT and SIMS were
used to investigate the effects of carbon (C) co-implantation and subsequent annealing on the
behavior of implanted B atoms in Si. It turns out C coimplantation is able to suppress the B
diffusion in the tail at 600 to 800 °C, and diffusion in the peak at 1000 °C by. However, B
diffusion was enhanced by C implantation at 1200 °C. The clustering behavior of B and C are
also demonstrated. It is believed that Si interstitials play an important role in the interaction
between B and C. This kind of comprehensive investigation yields important information for
optimizing ion implantation and annealing processes [Tu et al., submitted].
3.1 Role of B in MOS devices
In order to satisfy the requirements of future nano-electronic devices, ultra-shallow junction
with high activation rate is needed. As shown in figure 3.1, when the channel length L is
decreasing, the junction depth X j should be reduced simultaneously, which requires the sup-
pression of dopants diffusion.
Boron (B) is the principle p-type doping elements in silicon (Si), and its behavior is vital
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Figure 3.1: (a) Schematic of a MOSFET; (b) Schematic of the B behavior. In order to reduce the junction
depth X j, the diffusion of B need to be suppressed.
to the performance of the semiconductor devices. On one hand, transient enhanced diffusion
(TED) of B during the post-implantation annealing is an obstacle to restrict the junction depth.
This TED behavior is particularly pronounced in the low concentration tail region of the im-
planted profile [6], and the diffusion length in this situation is much longer than that in equi-
librium diffusion condition [41]. It is demonstrated that such a fast diffusion is mediated by
Si-interstitials (I) generated by the ion irradiation, since the B profiles can be greatly broad-
ened by additional Si implantation [42], as shown in figure 3.2 (a). I is able to “kick out” B
from substitutional site to interstitial site where it can diffuse easily [43, 44], or B and I form
fast-diffusion pairs [45, 46]. On the other hand, it is believed that B and I form clusters in the
high concentration region of the implanted profile, since there are some immobile peaks after
annealing in the SIMS concentration profiles [47, 48]. This B-I clustering is supposed to be
responsible for the low electrical activation rate of B [41, 47, 49], as shown in figure 3.2 (b).
Carbon (C) coimplantation is proposed as an effective method to suppress B diffusion, and
the B diffusion is reduced to a box-like shape, as shown in figure 3.3. C trapping I is a possible
reason for suppressing B diffusion by reducing the freely migrating I concentration [6]. Another
possible reason for C suppressing B diffusion is that C retards the B-I clusters dissolution [50].
Besides, it is reported that the B activation rate is dependent on the concentration of incorporated
C [51]. Therefore, demonstrating the behavior of B and its interaction with C and I is not only
academically interesting, but also technologically important.
Laser-assisted APT is capable of obtaining three-dimensional (3D) elemental distribution
maps with near atomic-scale resolution in semiconductor materials and devices [13, 52, 53].
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1_as-grown
2_Thermal diffusion
3_Si implant + annealing
Figure 3.2: (a) SIMS profiles of B before and after annealing. Normal thermal diffusion is small at this
temperature, but TED due to Si interstitials generated by Si implantation causes a huge broadening of
the B marker layer. Figure from [42]. (b) SIMS and SR (circle) measurements of an implanted B profile
before and after annealing at 800 °C for 35 min. Figure from [41].
By using APT, Ngamo et al. observed B clusters and associated them as B-I clusters, as shown
in figure 3.4 [54]. Shimizu et al. demonstrated a B-C coclustering phenomenon as a reason
for suppression B diffusion [55]. As shown in figure 3.5 (a)-(c), B diffusion is suppressed in
the C coimplanted sample, and another peak of B appeared in the C peak region. The atom
maps in that region clearly demonstrated the B-C coclustering phenomena, as shown in figure
3.5 (d)-(e).
However, most of such researches are performed at a certain fixed annealing condition;
a temperature dependence study is not reported yet. Since the existence of I, which plays
an important role on B diffusion and clustering, is dependent on the annealing temperature,
a systematic temperature dependent study would be very helpful to achieve a comprehensive
understanding on the interaction of B, I, and C, and provide important information for the
optimization of post-implantation annealing process.
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Figure 3.3: A comparison between B SIMS profiles in different samples. C coimplantation is able to
suppress B diffusion and form a box-like shape. Figure from [6].
Figure 3.4: B distribution in the sample (a) before and (b) after annealing. (c) B clusters extracted from
the annealed sample, in which magnification of these clusters are shown in the inset. Figure from [54].
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Figure 3.5: (a) Log scale B concentration profiles in B as-implanted, B annealed, BC annealed samples.
(b) Linear scale B concentration profiles in B as-implanted, BC annealed samples. (c) Linear scale
concentration profiles of C in BC as-implanted, BC annealed samples. (d) Atom maps of B (green)
and C (brown) in BC as-implanted sample. (e) Atom maps of B (green) and C (brown) in BC annealed
sample. Figure from [55].
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3.2 Laser effect on B detection by APT
Although the behavior of B atoms in Si has recently been intensively investigated using APT,
some inconsistent results have been reported. For example, Takamizawa et al. [56] did not
observe B diffusion from the source/drain extension region to the single-crystalline Si (c-Si)
substrate of field-effect transistors, which is inconsistent with the work of Grenier et al. [57],
as shown in figure 3.6.
Moreover, Inoue et al. [52] did not observe B segregation in the grain boundaries of the gate
poly-crystalline Si (poly-Si), which differs from the reports by Thompson et al. [58] and Jin et
al. [59], as shown in figure 3.7.
These inconsistencies may originate from both sample fabrication and APT measurement
conditions. Sample fabrication conditions, such as the dopant dose, acceleration energy, an-
nealing temperature, and annealing time could influence the actual dopant distribution, whereas
the measurement conditions, such as the base temperature, laser wavelength, and laser power
would only have an impact on the APT data.
Here, we focus on the effect of laser power on the B distribution measured by APT because
the laser conditions employed in such measurements vary widely in the past reports. In the
previously mentioned APT studies on B distribution in Si, when a UV laser (343 nm) with its
pulse duration of 450 fs is used, the laser power is 35 nJ [57]; when a green laser (532 nm) with
its pulse duration of ∼10 ps is used, laser power is 0.5 nJ in Ref. [56] and Ref. [52], 1.0 nJ in
Ref. [59], and not specified in Ref. [58], respectively. The sample fabrication condition and
APT measurement condition of the above mentioned references is summarized in table 3.1.
Table 3.1: The sample fabrication condition and measurement condition of several reports on B distribu-
tion obtained by APT.









T (K) Power 
(nJ)
[55] 3 x 1015 2.5 900oC, 10s LEAP3000X HR ~10 532 50 0.5 nJ
[56] 1.1 x 1015 2 annealed FlexTAP 0.5 343 70 35 nJ
[51] 6 x 1015 3 900oC, 30s LEAP3000X HR ~10 532 50 0.5 nJ
[57] > Solute limit LEAP3000 ~10 40~80
[58] 4.9 x 1015 10 988oC, 5s LEAP3000X Si ~10 532 60 1.0 nJ
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Figure 3.7: The distribution of B in c-Si observed in (a) [52], (b) [58] and (c) [59].
The exact role of laser assistance in field evaporation is complex, but the most common
explanation is the thermal heating effect, which results in significant temperature rise and the
observation of surface diffusion of atoms [24, 60–62]. In general, high laser power is useful for
promote the field evaporation at the specimen apex, thus relatively reduce the voltage applied on
the specimen holder (stage). This is helpful for reducing the probability of sample fracture and
reducing the background level in the mass spectrum, but it can result in poor spatial resolution
in the reconstruction [63].
Previously, Liu and Andre´n studied the influence of laser irradiation on the elemental dis-
tribution, and found that it led to an electric field gradient from the incident side to the shallow
side of the specimen, thus resulting in a non-uniform distribution for certain ions [64]. Gault
et al. discussed the degeneration of the spatial resolution in the lateral plane, which is due
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to laser-promoted surface migration [65]. Finally, Mu¨ller et al. demonstrated that laser irra-
diation changed the apex morphology and led to inaccuracies in the analysis of Group III–V
semiconducting compounds [66]. Due to the clear influence that laser irradiation has on APT
measurements, in this study, we investigate the effects of laser power on the measured B distri-
bution in Si to help ensure reliable measurements. It turns out the high power laser can lead to
non-homogenous distribution of B in Si, which is probably induced by migration of ions over
the surface of needle specimen. This migration process consists of a serial of short-range direc-
tional motions of ions prior to their evaporation [67, 68], which is different from the classical
surface diffusion which occurs at low field and on a static surface [25, 61].
To study the effect of laser power on the B distribution in c-Si, we employed a line-and-
space patterned sample, with which we previously demonstrated the origin of the difference in
threshold voltage variability between p-type and n-type transistors [56]. As shown in figure
3.8 (a), the B-doped poly-Si (gate) and c-Si (source/drain) regions were isolated using SiO2.
After gate patterning, ion implantation in the source and drain extension was performed at an
acceleration energy of 2.5 keV to a dose of 3× 1014 cm-2. The samples were processed by
rapid thermal annealing at 900 °C for 10 s and then laser annealed at 1310 °C. An amorphous
Si (a-Si) layer was then deposited to protect the implanted region from being damaged during
fabrication of the needle-shaped specimen.
To study the effect of laser power on the B distribution in poly-Si, particularly at the grain
boundaries, we employed a simplified laterally uniform structure because of the high probability













Figure 3.8: Schematic illustration of sample structure for investigating B distribution in (a) c-Si and (b)
poly-Si. Figure from [69].
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140-nm-thick poly-Si layer was fabricated on a c-Si wafer with a 2-nm-thick native oxide layer
on the surface. The poly-Si was B doped by ion implantation to a dose of 2×1015 cm-2 at 3 keV
and then rapidly thermally annealing at 900 °C for 30 s, followed by a second ion implantation
to a dose of 4× 1015 cm-2 at 2 keV and spike annealing at 1025 °C and laser annealing at
1310 °C. Finally, a protective a-Si layer was deposited.
The doping and annealing conditions for both samples are consistent with practical indus-
trial device fabrication process. The region of interest was extracted from the sample using a
conventional lift-out method, milled into a fine needle shape using a dual-beam focused ion
beam (FIB) system (Quanta200, FEI), and finally modified with a low-voltage Ga shower to
limit the damage induced by FIB [31, 32]. The prepared needle specimens were measured us-
ing a laser-assisted local electrode atom probe (LEAP 4000XHR, CAMECA). The laser had a
fixed wavelength of 355 nm and a repetition rate of 200 kHz. The base temperature was set to
50 K for all of the measurements. The line-and-space patterned specimens were measured with
laser powers of 40, 70, and 100 pJ, and the laterally uniform specimens were measured with
laser powers of 10, 20, 40, 70, and 100 pJ.
Figures 3.9 (a)–(c) show cross-sectional projected elemental maps corresponding to a se-
lected region (white rectangle in figure 3.8 (a)) of the line-and-space patterned specimens, mea-
sured with 40, 70, and 100 pJ of laser power, respectively. The B tail is much longer for the
100 pJ measurement than for the other two. In addition, in the lateral distribution map pre-
sented in figure 3.9 (d), which was obtained from the region marked by the red rectangle in
figure 3.9 (c), the B atoms are localized near the center of the specimen, where the Si atoms are
distributed with low density as a low-index (001) pole of the Si lattice. The accumulation of B
at the low-index pole can be explained by the surface migration of atoms prior to evaporation
from the surface. In the atomic map of c-Si, the low-index pole corresponds to the [001] crys-
tallographic direction protruding onto the specimen surface; thus, a large electric field gradient
exists between the edge and center of the pole [70]. The migration of atoms toward the pole is
electric-field driven and thermally assisted process previously observed by field ion microscopy
[30].
Normally, “diffusion” is a thermal process happened at high temperature, and from high
concentration region to low concentration region, since the driven force is the chemical poten-
tial gradient. On the surface, the binding energy for the atoms is lower than in the bulk, which
make them easier to diffuse. However, the migration we discuss here is not related with con-
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Figure 3.9: Cross-sectional view of B distribution in c-Si samples measured with (a) 40 pJ, (b) 70 pJ, and
(c) 100 pJ of laser power. (d) Lateral view of B distribution in selected region (red rectangle) of sample
measured with 100 pJ. Figure from [69].
centration. The main driven force is electric field thus atoms migrate along the electric field
toward the apex. Besides, such migration even happened in cryogenic condition. For example,
similar accumulation effect of C in the poles of steel [71, 72] was also reported, in which the
measurement was conducted in voltage mode and at cryogenic temperature. Therefore, the sur-
face migration we discussed here is different with the classical surface diffusion, but more of a
serial of short-range directional motions of ions prior to their evaporation, such as rolling and
jumps [67, 68], and such motions could be greatly promoted by high power laser induced local
heating [25, 61].
Figure 3.10 shows generated B concentration profiles corresponding to the region marked
by the blue dashed rectangle in figure 3.8 (c) for 40, 70, and 100 pJ of laser power. The total
amount of B (integral of the concentration curve) is clearly much larger for the 100 pJ case
than for the other two. In general, the atoms on the outer surface of the region remote from
the apex of the specimen are projected out of the range of detection; therefore, the region
actually detected is narrower than the specimen [10]. The outer region of the specimen that
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evaporates out of the range of detection is regarded as lost, or undetectable. This phenomenon
was also reported in Ref. [73], in which the APT-detected region was much narrower than
the specimen as measured by transmission electron microscopy (TEM), with respect to the
excellent matching of microstructures observed by two techniques. However, B has a high
threshold evaporation field in Si [36, 74], so it remains on the specimen surface while the matrix
Si atoms are evaporated; this is referred to as preferential retention [74]. It was previously
reported that the threshold evaporation field for easily evaporating elements is more sensitive to
temperature [71]. Therefore, when the temperature rises, the evaporation field for Si decreases
more than that for B, so Si is more efficiently evaporated and the preferential retention of B
is enhanced. Retained B atoms from the “undetectable” region migrating to the needle apex
before evaporation and detection would appear in the reconstructed volume and hence lead
to an overestimation of the B concentration. Furthermore, these atoms would appear to have
originated from a region deeper in the reconstructed volume than their true depth due to the
delay in evaporation, resulting in a deeper B concentration peak for the 100 pJ specimen than
for the other two samples. It should be noted that because the source/drain region was not
heavily doped, the B content in c-Si measured using APT was not seriously affected by multi-
hit events [74, 75], which we will discuss later.
Based on above discussion, the overall process is proposed to be: (1) Large amounts of B
atoms are preferentially retained on the specimen surface while matrix Si atoms are evaporated.
(2) These retained B atoms migrate toward the (001) pole under the high electric field. (3) The
B atoms are ultimately emitted from the pole. Therefore, the enrichment of B in the pole of c-Si
is the collective result of the preferential retention and surface migration of B atoms, which are
both promoted by high laser power.
Figures 3.11 (a) and (c) show cross-sectional B distribution maps (the region between the
native oxide and the SiO2 layer) in poly-Si for the laterally uniform samples, which were ob-
tained with laser powers of 10 and 100 pJ, respectively. Lateral distribution maps of Si and
B corresponding to the sliced regions marked by the red rectangles for 10 pJ and 100 pJ are
presented in figures 3-12 (b) and (d), respectively.
In the 10 pJ case, both the Si and B atoms are almost randomly distributed, while in the
100 pJ case, inhomogeneous distributions of Si and B are clearly observed. We believe that
the regions of accumulated Si atoms are grain boundaries, because they are in poly-Si and the
size of the pattern is consistent with the grain size measured by TEM reported in Ref. [52].
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Figure 3.10: Concentration profiles of B in implanted source/drain region measured with different laser
powers. Figure from [69].
It is very interesting that B atoms are segregated at the grain boundaries, especially the triple
points of grain boundaries. It has been reported that the local electric field at grain boundaries of
poly-crystalline semiconductors is substantially enhanced due to carrier trapping [76] or mor-
phological features [77]. In addition, the kink sites might be short-lived metastable positions
where the ions could migrate to and temporarily remain before evaporation [68]. We speculate
that on the surface of the specimen, B ions preferentially migrate toward and are emitted from
the sites associated with grain boundaries, rather than from the smooth surfaces of crystalline
grains, resulting in apparent B segregation effect at grain boundaries. On the other hand, pre-
vious simulations demonstrated that due to the special local morphology, ions at interfaces are
subjected to more pronounced trajectory aberrations [78]. Moreover, the low-field region will
be interpreted to be shrinked in size and condensed in concentration compared with the matrix
because of trajectory aberrations, which is opposite to the magnification effect for high-field
region [10, 78]. Therefore, focalization of the trajectories of the evaporated ions in the vicinity
of grain boundaries is another possible reason for the dense distributions on condition that the
grain boundaries are low-field regions in Si. The actual surface migration process is compli-
cated and might depend on several factors, such as the surface morphology and temperature of
the specimen, the atomic radius, the threshold evaporation field, and even the dissolving sites of
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Figure 3.11: (a) Cross-sectional and (b) lateral elemental maps in poly-Si measured with 10 pJ. (c)
Cross-sectional and (d) lateral elemental maps in poly-Si measured with 100 pJ. Figure from [69].
solute atoms [30]. The results presented in this study explicitly demonstrate the effect of laser
power on B surface migration, even though the exact mechanism responsible for this process is
not fully illustrated.
Figure 3.12 (a) displays 1D depth profiles of the B concentration in needle-shaped speci-
mens extracted from poly-Si measured with laser powers of 10, 20, 40, 70, and 100 pJ. It is
worth noting that the B concentration in the region directly below the native oxide layer de-
creases with increasing laser power. As shown in figure 3.12 (b), by taking the integral of the
concentration profile, the normalized areal density (which should be comparable to the total
implantation dose) could be obtained. The areal density essentially decreases with increasing
laser power, and we believe that this loss of B count is due to multi-hit events [74, 75].
Because of the preferential retention, large amounts of B atoms accumulate on the sam-
ple surface in extremely close proximity, until two or more B atoms are simultaneously co-
evaporated and burst on the detector. However, because the spatial distance between such
closely associated B atoms and the time interval between their evaporation are beyond the
spatial and temporal resolution of the instrument, such multi-hit events are either discarded
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Figure 3.12: (a) Concentration profiles for B in poly-Si measured with laser powers ranging from 10 to
100 pJ. (b) Areal densities of B in poly-Si measured with laser powers ranging from 10 to 100 pJ. Figure
from [69].
or interpreted as a single event, which leads to an underestimation of the B concentration, es-
pecially for highly-doped samples or B-enriched clusters [74, 75]. As mentioned above, the
preferential retention of B atoms from the undetectable region leads to an overestimation of the
amount of B in the detected volume. In contrast, multi-hit events result in an underestimation
of the B concentration. We speculate that, for the samples measured using laser powers of
10–70 pJ, the B counting statistics are primarily affected by multi-hit events, whereas for the
sample measured using 100 pJ, the effect of preferential retention from the undetectable region
becomes dominant.
To investigate the randomness of the B distribution, we performed a frequency distribution
analysis (FDA) [79, 80] in the region between 90 and 120 nm below the top native oxide layer.
The method of FDA has been introduced in the section 2.3 of this thesis; the possibility for
a random distribution is evaluated using the p-value. If the p-value is less than the chosen
significance level, the ion distribution is considered non-random for the given bin size and
significance level [37]. As shown in figure 3.13, the p-value is around 0.6 for the 10 and 20 pJ
cases, while the p-value is less than 0.05, which is usually regarded as the critical significance
level (red dashed line) for a hypothesis test [39], for the 40 pJ and higher cases. It indicates
that, for the samples measured with laser powers of higher than 40 pJ, the B distributions are
not random. This is particularly true in the 100 pJ case, for which the p-value is 0.0001.
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These results validated our speculation of atom surface migration discussed above. Shariq
et al. reported the relationship between the laser power and the Si charge state ratio (CSR:
defined as Si+/Si2+): higher laser power was found to lead to an increase in the specimen sur-
face temperature, which reduces the threshold evaporation field for Si+ ions and consequently
increases their fraction among all Si ions [81]. The CSR has also been used to evaluate the
temperature increase in a needle-shaped specimen induced by laser irradiation [27, 28]. In this
study, the dependence of the CSR on laser power is close to exponential, as shown in figure 3.13
(pink circles), which is consistent with the relationship proposed by Shariq et al. [81]. Compar-
ing p-values and Si CSRs with increasing laser power, the B distribution becomes remarkably
non-uniform with a CSR of larger than 5×10−2 at a laser power of 40 pJ.
We clearly demonstrated the possible artifacts induced by high power (about 100 pJ) laser
irradiation when analyzing B distribution by APT. Therefore, the laser power used in APT
measurements should be carefully selected in order to avoid perturbing the uniformity and ran-
domness of the original dopant distribution. As we discussed before, the surface migration
could even happen in the voltage mode (no laser irradiation, and laser induced local heating),
thus there is not an absolutely critical value for obtaining a perfectly correct result. Generally,
we believe the laser power less than 40 pJ is acceptable.Therefore, we selected 30 pJ for the
following experiments, so as to substantially avoid introducing artifacts and meanwhile achieve
high success rate of the measurements without specimen fracture.
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Figure 3.13: Dependence of p-value (left axis, black squares) and charge state ratio for Si ions (right
axis, pink circles) on laser power. Figure from [69].
3.3 Experiment
Three samples are prepared in current work, as shown in table 3.2. In sample #1, only B ions
are implanted into Si (001) wafer at an energy of 3 keV to a dose of 5×1014 cm-2. In sample
#2, C ions are firstly implanted into Si at an energy of 10 keV to a dose of 5× 1014 cm-2, B
ions are then implanted on the same condition of sample #1. In sample #3, C ions are firstly
implanted on the same condition of sample #2, and B ions are implanted at a higher energy of
10 keV to a dose of 5×1014 cm-2.
The B and C concentration profiles of the as-implanted three samples are shown in figure
Table 3.2: Matrix indicating the implantation process of the three samples.
Element Energy (keV) Dose (cm-2) #1 #2 #3
Carbon 10 5×1014 √ √
Boron 3 5×1014 √ √
Boron 10 5×1014 √
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Figure 3.14: The as-implanted B and C concentration profiles of three samples: (a) #1, (b) #2, and (c)
#3.
3.14 (a)-(c), which are obtained by SIMS measurements, whose experimental conditions will
be explained later. The as-implanted concentration profiles are generally close to the Gaussian
function, and the high concentration tail of C from 0 to 20 nm depth are due to the interference
of surface contamination.
All the three samples are then deposited an a-Si layer (∼200 nm thickness) on the top.
Sample #1 is annealed at 600, 800, 1000, and 1200 °C for 10 min vacuum, to study the behavior
of implanted B. Sample #2 is also annealed at 600, 800, 1000, and 1200 °C for 10 min, to study
the effect of C on behavior of B at different temperatures. Sample #3 is only annealed at 1000 °C
for 10 min to confirm the interaction between B and C.
The SIMS concentration profiles of B in as-implanted and 600, 800, and 1000 °C annealed
sample #1 and sample #2 are obtained by bombardment of O2+ with an acceleration energy of
5 kV in CAMECA IMS-7f. Due to the uneven surface morphology of the samples annealed at
1200 °C, the B concentrations in 1200 °Cannealed sample #1 and #2 are obtained by bombard-
ment from the backside with acceleration energy of 8 kV. The detected regions for B are in a
diameter of ∼30 µm. The concentration of C in as-implanted sample #2 is obtained by bom-
bardment of Cs+ with acceleration energy of 3 kV in PHI ADEPT1010. The detected region for
C is in a diameter of ∼75 µm.
For APT measurement, the samples are made into needle shape in a focused ion beam
system (FEI, Helios NanoLab600i). The needle specimens were measured using a laser-assisted
local electrode atom probe (CAMECA, LEAP4000XHR). The base temperature was set at 35 K
and the pressure in the analysis chamber was approximately 2×10−11 Torr. With consideration
to the possibe artifacts on B distribution induced by laser irradiation, which we discussed in the
last section [69], we employed the pulsed laser with a fixed wavelength of 355 nm, a repetition
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rate of 200 kHz, and a pulse energy of 30 pJ.
3.4 B diffusion and clustering
Figure 3.15 shows the concentration profiles of B in sample #1 at different temperatures in log
scale, and the inset figure shows in linear scale. The implanted profile is close to a Gaussian
function. Hereafter, we refer to the range from 0 to 60 nm as the peak region, and the region
deeper than 60 nm as tail region. At 600 °C and 800 °C, diffusion occurred only in the tail
region, which can hardly be identified in linear scale figure. Diffusion at 600 and 800 °C are
supposed to be previously mentioned TED [6]. From 1000 °C, B diffusion occurred not only
in the tail but also in the peak, since the concentration in the peak decreased apparently. At
1200 °C, a serious diffusion occurred since the profile is significantly broadened. From the
shape of concentration profile, diffusion at 1200 °C seems to be an extrinsic diffusion, i.e.,
diffusion speed positively dependent on dopant concentration and leading to a box-like shaped
profile [82]. The B diffusion toward the surface is also observed at temperatures higher than
800 °C. It is reported that B can segregate at the native oxide layer, and lead to a relatively
depleted region right below the oxide [82].
Figure 3.16 (a) shows the B atom maps observed by APT in a φ25×60 nm cylinder (i.e.
peak region) right below the surface of sample #1 annealed at different temperatures. The
B distribution varies with different thermal conditions. In particular, it is obvious that some
regions are getting clustering, as well as some region with B depleted in the 800 °C annealed
sample. Besides, the total amount of B atoms is apparently much less in the 1200 °C annealed
sample compared with others since serious diffusion occurred at such a high temperature. In
order to statistically evaluate the randomness of B distribution, we performed the grid-based
frequency distribution analysis (FDA) to quantify the distribution departed from random, as our
previous work reported [80]. By dividing the selected region into many voxels and counting the
amount of the selected atoms (B here) in each voxel, the distribution of the amount of voxels
contain certain amount of B atoms should obey a binomial distribution if B atoms are randomly
distributed in the selected region, and departs from binomial if the B atoms are non-randomly
distributed. The extents of experimental results departed from binomial/random are quantified
by the value of “reduced χ2”. In short, the larger reduced χ2 is, the more non-random the B
distribution is [10]. The reduced χ2 values of different temperature annealed sample #1 are
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Figure 3.15: B concentration profiles of sample #1 at different annealing temperatures. The inset shows
the same profiles in linear scale.
plotted in figure 3.16 (b).
For statistical validity and accuracy, more than three needle specimens are measured by
APT for each sample, as indicated by the blue dots in the figure 3.16. The larger values of
800 °C annealed sample indicates some clustering or precipitation occurred at this annealing
condition, which is close to the condition that B clusters observed in previous study [54]. One
possible reason for this clustering/precipitating effect is the interaction of B and implantation
induced defects. Previous study demonstrated the B decoration around dislocation loops and
rod-like {311} defects [83, 84]. Such phenomena were not apparent in current study because
the dose and acceleration energy of B implantation are much lower than those in Ref. [83],
and both B atoms and defects are not so abundant. In addition, the highest B concentration in
the peak region is higher than the solid solubility of B in Si at 800 °C [85], thus it is expected
that some precipitation phase appear [86]. Mirabella et al. also demonstrated B clustering
at concentration of about 1020 cm-3 in amorphous Si [87]. The solid line in figure 3.16 (b)
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Figure 3.16: (a) Atom maps and (b) the reduced χ2 values of B in sample #1 at different annealing
temperatures.
connected the averaged value of each sample, which indicates the trend of B distribution at
different temperatures: B are forming clusters from as-implanted to 800 °C, then clusters are
dissolved from 1000 to 1200 °C.
By combining the results above, a comprehensive process of B behavior at different tem-
peratures is speculated, as shown in figure 3.17: In the as-implanted sample, B implantation
generated considerable Is, and B atoms are uniformly distributed. After annealing from 600 to
800 °C, B diffusion occur in the tail, and this diffusion are mediated by Is; however, B form
metastable clusters with I, i.e., B-I clusters, in the peak region, thus no obvious diffusion occur
in the peak region. At 1000 °C, B-I clusters start to dissolve and B diffuse out of the peak re-
gion, thus diffusion happened both in the peak and the tail. At 1200 °C, B-I clusters are totally
dissolved, large amounts of B and I are released, which lead to a serious diffusion.
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Figure 3.17: Schematic of B behavior in B-implanted sample at different temperatures.
3.5 Role of C on B behavior
Figure 3.18 shows the concentration profiles of B in sample #2 at different temperatures in log
scale, and the inset figure shows in linear scale. The as-implanted profile of C is shown in
dash-dot line. It is interesting that TED in the tail region at 600 to 800 °C was almost stopped,
compared to the case of sample #1. Since the TED of B in the tail region is mediated by I,
an authentic reason is coimplanted C trapped I. Based on the “plus one model”, one external
implanted ion generated one effective interstitial atom [42], thus more I are generated in sample
#2 due to extra C implantation. In the B tail region, C concentration is much higher than B, thus
it is very likely that C trapped majorities of I, thus prevented the TED in this region. Previous
researches also demonstrated that substitutional C atoms may act as effective I traps [6, 88]. B
diffusion behavior at 1000 and 1200 °C is similar to that of sample #1: At 1000 °C, B diffusion
occurred in both the peak and tail; At 1200 °C, an extrinsic diffusion occurred and the profile is
significantly broadened.
Figure 3.19 (a) and (b) shows the B atom maps and reduced χ2 values, respectively, in a
φ25×60 nm cylinder right below the surface of sample #2 annealed at different temperatures.
The clustering behavior of B is similar to that of sample #1: get clustering from 600 to 800 °C,
and dissolve from 1000 to 1200 °C. The atom maps and reduced χ2 values of C in the same
region is shown in figure 3.19 (c) and (d), respectively. It is demonstrated that C is forming
clusters from 800 to 1200 °C. The C clusters at 1200 °C annealed sample is stable, and much
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Figure 3.18: B concentration profiles of sample #2 at different annealing temperatures. The inset shows
the same profiles in linear scale. The dot dashed line shows the as-implanted C concentration profile of
sample #2.
larger than the B clusters formed at 800 °C.
The B atoms diffused out of the highest peak region with abundant I, but get trapped at the C
rich kink region thus further diffusion into the substrate is suppressed. Previous first-principles
calculation work demonstrated that C suppress B diffusion by forming C-I-B complexes, whose
most stable configuration is B and C atoms sharing a single lattice site [89]. Although Uematsu
et al. speculated the retardation of the B-I cluster dissolution by C as another reason of sup-
pressing B diffusion [50], this point is not clear from out APT result. In all, the C coimplantation
suppressed the in-depth spreading of B during ion implantation and annealing at up to 1000 °C.
The concentration profiles of B in 1200 °C annealed sample #1 and #2 are plotted in figure
3.21. To our surprise, B diffusion in sample #2 (with C) at such a high temperature is enhanced.
As we discussed, the serious diffusion at 1200 °C is due to the completely dissolving of B-I
clusters and released free I. Such an enhancing effect indicates that the amount of released I in
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sample #2 is more than that of sample #1. Extra C implantation generated more I are generated
in sample #2, quite a large amount of which are trapped by C at temperatures from 600 to
1000 °C and released at 1200 °C . As shown in figure 3.19 (c), the large C clusters are not
efficient on trapping B. In C cluster growing process, small C-I-B complexes and C-I trapping
pairs are dissolved and emit B and I. Uematsu also explained that C-I pairs are dissolved and
emit I at long annealing time [90]. C atoms combine with each other and form stable clusters.
Released B and I form diffusion pairs. It is possible that the observed stable C clusters also
involved with I, but the trapping efficiency is much lower than that in C-I-B complexes or C-I
trapping pairs. Mirabella et al. also demonstrated that C rich precipitates are not able to further
trap I [88].
We observed B clustering at 800 °C and a serious diffusion at 1200 °C in sample #1 and
#2, thus 1000 °C is perhaps close to the optimal temperature for avoid clustering and serious
diffusion. Therefore, in order to further confirm the interaction between B, 3.22, and C at this
temperature (1000 °C), sample #3 is annealed at 1000 °C. Figure 3.22 (a) shows the atom maps
of B and C in a 20×30×100 nm cube right below the surface, in which clear C-B coclustering
phenomenon is observed. The overlay of peaks in the concentration profiles generated by APT
demonstrated the same behavior, as shown in figure 3.22 (b). This result is consistent with the
previous report by Shimizu et al. [55]. Even though the highest concentration of B is lower than
that in sample #1 and #2, as shown in figure 3.14, clear coclustering behavior is still observed
in sample #3, in which B ions were implanted at a higher acceleration voltage and B peak is
overlaid with C peak. It indicates that the implantation energy, which determines the projected
range of ions, also need be considered on influencing interaction between B and C.
From the results of C coimplanted samples (#2 and #3), the effect of C on B behavior
at different temperatures is speculated, as shown in figure 3.23: After annealing from 600 to
800 °C, B TED in the tail is suppressed due to the trapping of I by the presence of C. At
1000 °C, C trap B by forming C-I-B complexes in the kink region and B diffusion is suppressed.
At 1200 °C, C-I-B complexes are dissolved and emitted I enhance B diffusion, whereas C form
stable clusters which are no longer able to efficiently trap I and B.
Such a comprehensive understanding on the effect of C on B behavior at different tem-
peratures provides important information for the optimization of coimplantation technique and
the subsequent annealing condition, which are vital processes for fabrication of future nano-
electronics.
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Figure 3.19: (a) Atom maps and (b) the reduced χ2 values of B in sample #2 at different annealing
temperatures. (c) Atom maps and (d) the reduced χ2 values of C in sample #2 at different annealing
temperatures.
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Figure 3.20: (a) Concentration profiles of B in as-implanted sample #1, and B and C in as-implanted
sample #2. (b) Concentration profiles of B in as-implanted and 1000 °C annealed sample #1. (c) Con-
centration profiles of B in as-implanted and 1000 °C annealed sample #2. (d) Concentration profiles of
B in 1000 °C annealed sample #1, and B and C in 1000 °C annealed sample #2. (e) Atom maps of B and
C in the kink region of the 1000 °C annealed sample #2, in which the contour maps are overlapped.
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Figure 3.22: (a) Atom maps and (b) concentration profiles (generated in APT analysis) of B and C in
1000 °C annealed sample #3.
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Figure 3.23: Schematic of B behavior in Band C coimplanted sample at different temperatures.
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3.6 Summary
B behavior plays an important role on affect the performance of semiconductor devices. APT
is capable of demonstrating the B behavior in Si but may lead to artifacts.
Firstly, we studied the influence of laser on atom probe tomographic analysis of B distri-
bution in c-Si and poly-Si. The measured distributions are almost uniform and homogeneous
when using low laser power, while clear B accumulation at the low-index pole of c-Si and segre-
gation along the grain boundaries in poly-Si are observed when using high laser power (100 pJ).
These effects are thought to be caused by the surface migration of atoms, which is promoted by
high laser power. Therefore, laser power of 30 pJ is used for the following experiments, so as
to avoid introducing artifacts as well as achieve high success rate of the measurements without
specimen fracture.
Then, we use APT and SIMS to investigate B implanted and C coimplanted samples at
temperatures from 600 to 1200 °C, for demonstrating the behavior of B and the effect of coim-
planted C in Si. When annealing at 600 to 800 °C, B form meta-stable clusters in the high
concentration peak region ( 1020 cm-3), and diffusion only occurred in the low concentration
tail (< 1018 cm-3) of the concentration profiles, which is supposed to be the well-known tran-
sient enhanced diffusion (TED). TED at 600 to 800 °C are almost blocked in the C coimplanted
sample. At 1000 °C, B clusters start to dissolve and B diffuse out of the peak region, this dif-
fusion is suppressed in the C coimplanted sample because C trapped B in the kink region. At
1200 °C, B-I clusters are totally dissolved and serious diffusion occurred, which is even en-
hanced in the C coimplanted sample. It is speculated Si interstitials also plays an important role
in the interaction between B and C. Such a detailed investigation is important for optimizing the
ion implantation and subsequent annealing process.
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Blocking of H Penetration in Al2O3/HfO2
High-k Stacks
Hydrogen (H) plays an important role in determining the reliability and performance of high-k
dielectric electronic devices. To understand H behavior, deuterium (D) ions were implanted
into the poly-Si cap of Al2O3/HfO2 high-k stacks. APT was used to image the D distribution in
samples annealed under different conditions. The results clearly demonstrated that the D atoms
were trapped at the interface of poly-Si and Al2O3 after annealing at 900 K for 10 min. Thus,
it is possible that Al2O3 blocks the H atoms at the surface, preventing them from diffusing into
the high-k dielectrics during the H2 annealing process in current fabrication technology [Tu et
al., Applied Physics Letters 112, 032902 (2018)].
4.1 High-k dielectrics
High-k dielectric refers to a kind of material with high dielectric constant (k), compared with
normal silicon dioxide (SiO2). SiO2 has long been used as the gate dielectric between the gate
and the channel region. From 2007, high-k materials are used to replace SiO2, which allowed
the further miniaturization of the electronic devices, as shown in figure 4.1 (a).
We have shown several important parameters of a MOS device in figure 1.6 in chapter 1, the
capacitance of the parallel plate between gate and channel is:
C =
k · ε0 ·LW
t
, (4.1)
where L and W are the length and width of the capacitor area, t is the thickness of the dielectric
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(a) (b) (c)
Figure 4.1: (a) High-k gate based 45 nm MOSFET. Figure courtesy of Intel Corp. (b) Band offset and k
values of several typical high-k materials. Data from [91, 92]. (c) Cross- sectional TEM image of Al2O3
and HfO2 based high-k stacks for charge-trapping memory. Figure from [93].
layer, ε0 is the vacuum permittivity. The feature scale of the devices are continuously shrinking,
i.e., L and W are scaling down. However, the gate capacitance C should be at least maintained,
if not increased, for normal electric current drive. The historic method is to reduce the thickness
(t) of the SiO2. As the thickness are reduced to be less than 2 nm, the current leakage from the
channel is inevitable. Besides, suppressing the dopant diffusion through the gate dielectric also
requires a considerable physical thickness. Therefore, an alternative method is increasing the
value of dielectric constant (k) instead of reducing thickness (t). In addition, in order to avoid
the current leakage, larger band gap dielectric oxides are preferred [91].
Figure 4.1 (b) shows the band offset and k values of several potential high-k materials, in
which the band structure are referred from [91], and k values of each material from [92]. The
relative dielectric constant of HfO2 is 26, which makes it a typical high-k material. Al2O3 has
a large band gap, thus it is efficient on suppressing current leakage. Inserting a thin SiO2 layer
between HfO2 and Si substrate is a method to reduce the interface defects [92].
Combination of these materials with a certain configuration and compromising their func-
tionalities is usually needed based on the practical application of the device. In our work,
Al2O3/HfxSi1-xO2/SiO2 (AHO) high-k stacks is studied. The AHO structure is close to a
charge-trapping memory demonstrated in Ref. [93], as shown in figure 4.1 (c), in which Al2O3
can be used as a blocking layer, and the incorporation of Si into the HfO2 layer was aimed at
generating charge traps for digital operation.
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Figure 4.2: Structural model of the Si/SiO2 interface. Figure from [95].
4.2 Role of H
Growth of SiO2 on Si substrate is an important step in IC manufacturing process, and it is usu-
ally realized by thermal oxidation. However, some defects such as dangling bonds, i.e., the
so-called Pb centers, always exist in this interface [94], which is presumably due to missing
oxygen atom, as shown in figure 4.2 [95]. These interface defects can lose or gain electron
thus dominant charge trap at the interface. Beside of Si/SiO2, such defects may also exist in
the interface of Si and some high-k oxide types [96]. Therefore, passivation of such defects
is needed for improving the device performance. Hydrogen is able to passivate, or terminate,
these dangling bonds, as shown in figure 4.2. Previous electron paramagnetic resonance experi-
ments demonstrated that the Pb centers are not affected by vacuum annealing up to 850 °C, and
passivation of these defects occurred when annealing in H2 ambient at approximately 220 °C
[94].
Since the interface defects can be passivated by H, hydrogen (H2) sintering, i.e., annealing
in H2 ambient, in the back-end-of-line (BEOL) of semiconductor manufacturing process is
usually performed for nano-electronic devices to acquire a high-quality interface. However,
introduction of H into semiconductor devices is the source of another problem-negative biased
temperature instability (NBTI). NBTI occurs in p-channel MOS devices when stressed with
negative gate voltage at elevated temperatures [95]. It is believed that NBTI is related with the
H dissociation at the Si/SiO2 interface. A simple model is given by Si3 ≡ SiH + h+ ⇒ Si3 ≡
Si + H+, where Si3 ≡ SiH is a H terminated site, h+ is a hole (the charge carrier in p-channel
MOS), and H+ is a proton. During NBTI stress, the proton is transported from the SiO2/Si
interface to the gate region, which leads to the threshold voltage variation [95]. NBTI can lead
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to instability in memory devices as well, since the proton can influence the charge-trapping
status in the memory.
Since HfO2 based charge-trapping memory device is still in the stage of development, the
exact role of H in such devices in not specified. However, previous experiences on SiN based
memory devices indicate that H budget and permeability during the BEOL process determines
the performance of such memory devices, and controlling H species diffusion should be taken
into consideration in BEOL optimization from the viewpoint of reliability [97].
Interestingly, Al2O3 has been reported as a potential H2 diffusion barrier for preventing H
attack during the BEOL process [98, 99], but this has not been directly demonstrated. Thus, it is
very important to examine H behavior in Al2O3- and HfO2-based high-k stacks under different
annealing conditions to ensure continued reliability despite ever-shrinking device dimensions.
4.3 H detection
The characterization and imaging of H has been a complicated problem. Thermal desorption
spectroscopy (TDS) can confirm the existence of H but not demonstrate its distribution in com-
plex structures [100]. SIMS can reveal the H concentration but lacks resolution needed for
nano-electronic devices with ultrathin layers (< 5 nm) [101]. Transmission electron microscopy
allows mapping of H atoms only in rare cases like graphene [102].
Although APT can be used to demonstrate the 3D distribution of elements, the observation
and quantitative analysis of H is still difficult since a significant amount of H is absorbed from
the residual gas in the analysis chamber during APT measurement [103, 104].
In order to understand the inevitable detection of residual gas, we measured a pure Si sam-
ple, which is extracted from the backside of a Si wafer and supposed to be H free. Figure 4.3
(a) shows the mass spectrum generated in the APT result. We can see the H related peaks in the
“H-free” sample.
The atom maps and ionic concentration profiles of H+ and H2+ are shown in figure 4.3 (b)
and (c). During the measurement, we intentionally changed the evaporation rate, i.e., the speed
of specimen detection. We found two characteristics of detected H concentration: (1) Detected
concentration increases with the increasing specimen diameter; (2) Detected concentration de-
crease with the detection rate. Besides, the detected H concentration from the residual gas also
relies on the base temperature and laser pulse energy [104].
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Figure 4.3: (a) Mass spectrum generated in the result of a pure-Si sample. (b) Atom maps and (c)
concentrations of H species in the pure-Si sample.
Therefore, in order to avoid the interference from residual gas, some researchers tried to
introduce deuterium (D) into the samples and remarkable progress has been achieved in the
detection on H (or its isotope) species by employing APT [105–109]. For example, Takahashi
et al. realized the direction observation of deuterium atoms trapping at nano-sized titanium
carbide precipitates using APT with a D charge cell, as shown in figure 4.4 [106]. Chen et al.
charged D into a ferrite steel by means of electrolytic loading with a cryogenic transfer protocol,
and observed D trapping within the core of vanadium carbides (VCs), as shown in figure 4.5
[107]. However, the charged D can easily diffuse out of the specimen unless it is kept under
cryogenic conditions before APT measurement [106, 107].
Whereas, Takamizawa et al. introduced D into Si by ion implantation, and demonstrated
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Figure 4.4: 3D elemental maps of deuterium-uncharged (a) and -charged specimens (b) of the TiC steel
with annealing. The bold arrow indicates the analysis direction. Figure from [106].
that D partly became trapped in the defects induced by ion implantation and partly bonded with
Si, as shown in figure 4.6; thus, the sample could be kept even at room temperature [109].
Inspired by Takamizawa et al., in current work [110], we deposited poly-Si layers on the top of
AHO stacks, and perform D-implantation into the poly-Si.
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Figure 4.5: Introduced deuterium co-located with vanadium carbides. 3D view of deuterated ferrite steel,
showing individual carbides. As can be seen from the top-down and side slices, deuterium atoms (2H)
are correlated to the carbide positions. Figure from [107].
Figure 4.6: Distribution of defects and D in ion-implanted sample. (a) Cross-sectional TEM image
obtained under weak-beam condition. (b) All D atoms in analyzed region. (c) D atoms determined to be
clustered. Figure from [109].
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4.4 Experiment
The sample structure and the fabrication process are shown in figure 4.7. The wafer was cleaned
through the RCA procedure. The high-k gate stacks consisted of a 4 nm SiO2 layer grown by
thermal oxidation, a 10 nm HfxSi1-xO2 layer deposited by atomic layer deposition (ALD) at 573
K using HfCl4 and H2O sources, and an 8 nm Al2O3 layer deposited by ALD at 573 K using
sequential exposure to trimethylaluminum (TMA) and H2O. A rapid thermal anneal was then
performed at 1273 K for 60 s in N2 ambient. Finally, two poly-Si layers (50+100 nm) were
deposited on top by low-pressure chemical vapor deposition (LPCVD).
The structure of the sample is poly-Si/Al2O3/HfxSi1-xO2/SiO2/Si-substrate. The actual
thicknesses of SiO2, HfxSi1-xO2 and Al2O3 are about 3.7, 10.2, and 7.6 nm, respectively, as
shown in figure 4.7, which were checked by TEM. After the wafer deposition, D was implanted
into a small region (φ=4 mm) of the prepared wafer at an energy of 3 keV and to a dose of
5× 1016 cm-2. The expected D concentration obtained by SRIM simulation [33] is shown in
figure 4.8. The expected range of projection is about 60 nm from the surface. Ideally, such
an implantation condition is for introducing D into the poly-Si cap and keep the AHO region
D free. Then, the D-implanted sample was cut up into several pieces. Then two pieces were
annealed at 600 K and 900 K for 10 min separately. Four samples are studied in our APT ex-
periment: as-prepared, D-implanted, D-implanted with 600 K annealing, and D-implanted with
900 K annealing.
A conventional pick-up method was utilized for needle specimen fabrication by using
an dual beam system (FEI, Helios NanoLab600i) [32]. The needle specimens, as shown in
Sample fabrication flow
 RCA cleaning (APM+HPM)
 Thermal oxidation
 HfxSi1-xO2 (ALD, HfCl4/H2O, 300 oC)
 Al2O3 (ALD, TMA/H2O, 300 oC)
 RPA (1000 oC, 60 s)









Figure 4.7: Cross-sectional TEM image of the AHO region of the sample and the sample fabrication
flow.
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Figure 4.8: (a) Schematic of the sample structure. (b) The expected D concentration based on SRIM
simulation. (c) SEM image of the needle specimen for APT measurement. Figure from [110].
figure 4.8 (c), were measured using a laser-assisted local electrode atom probe (CAMECA,
LEAP4000XHR). The base temperature was set at 50 K, and the pressure in the analysis cham-
ber was approximately 4× 10−11 Torr. The pulsed laser had a fixed wavelength of 355 nm,
a repetition rate of 160 kHz, an evaporation rate of 0.4%, and a pulse energy of 50 pJ. APT
reconstruction and data analysis was performed by using the CAMECA IVAS 3.6.14 software.
4.5 Distribution of deuterium
The 3D atom map is shown in figure 4.9 (a), here, the result of the as-prepared sample is shown
as an example. Figure 4.9 (b) shows the sliced figure (10 nm thick), The Ga damage from
FIB is mainly near the edge of the sample, but the center region is not affected, as shown in
figure 4.9 (b). The uneven layer SiO2 is due to the local magnification during field evaporation
process. SiO2 is a typical material with high evaporation field, which makes it protrude on the
specimen surface when matrix atoms (Si) are evaporated. Such a special morphology modifies
the evaporation direction, as shown in figure 4.9 (c), which leads to a result that SiO2 layer is
thinner in the center of the specimen in the reconstructed atom map, which can be seen in figure
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Figure 4.9: (a) The 3D atom maps the measured sample. (b) The slice atom map in which Ga distribution
is shown. (c) Schematic figure of local magnification.
4.9 (b).
Before studying the behavior of D, the existence of detected D in Si needs to be exam-
ined. Figures 4.10 (b) and (c) show the mass spectra generated in a φ20×100 nm cylinder
that includes the bottom poly-Si region and AHO region (indicated by the rectangle 1 in figure
4.10 (a)) of the as-prepared and D-implanted samples, respectively. The inset figures show the
ranges of mass-to-charge ratio from 0 to 3 and from 27.5 to 31.5. For the D-implanted sample,
the ratio of the height of peak 2 (p2) to that of p1 is much higher than the corresponding ratio
for the as-prepared sample, which is due to the contribution of D (whose mass-to-charge ratio
is 2). Here, p1 and p2 in the as-prepared sample are considered to be H+ and H2+, respectively,
owing to the absorbed residual gas during evaporation. There is not a certain ratio of H+ and
H2+, but generally, the H+ count is higher than the H2+ count. P2 in the case of the D-implanted
sample includes both H2+ from the residual gas and D+ introduced by ion implantation. We
found that in the range of singly-charged Si ions (p28, p29, p30), p30 is higher than p29 in the
D-implanted sample, which contradicts the natural abundance of the stable Si isotopes (28Si :
29Si : 30Si = 92.22 : 4.69 : 3.09) because p30 includes both 30Si+ and 28SiD+. In addition, p31,
which is observed in the D-implanted sample but not in the as-prepared sample, is ascribed to
29SiD+. Therefore, in the following part, p2 and p30 are used to demonstrate the distribution of
D in different samples. P31 is not shown since its amount is much less than p30.
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Figure 4.10: (a) The region for generating mass spectrum. The mass spectra of the selected region in (b)
as-prepared sample and (c) D-implanted sample. Figure from [110].
Figure 4.11 (b) shows the atom maps in φ20×50 nm cylinders (indicated by the rectangle in
figure 4.11 (a)) extracted from four samples under different conditions. The Si, Al, Hf, O, and
p2 ions are displayed. The uneven flatness of SiO2 layer is due to the local magnification effect,
which is a typical artifact of APT [10]. The blue points (p2) in the atom map of the as-prepared
sample are H2+ ions from the residual gas. In the sample annealed at 600 K for 10 min, D had
not yet diffused to the AHO region. This suggests that at 600 K, the diffusion length (
√
dt)
is less than the thickness of the bottom poly-Si, i.e., 50 nm. Thus, the diffusion coefficient
of D at this temperature can be roughly estimated to be smaller than 4× 10−14 cm2s-1, which
is consistent with the result reported previously for a comparable temperature [111]. In the
sample annealed at 900 K for 10 min, a clear segregation of p2 was observed, which means that
D diffused toward the AHO region and got trapped at the interface. Figure 4.11 (c) shows the
ionic concentration of p2 along the depth direction. The p2 concentration at the poly-Si/Al2O3
interface of other three samples are around 0.2% in ionic percentage, and the value in 900 K
10 min annealed sample is close to 0.8%. Such an obvious peak clearly demonstrated the pile-
up of p2 at the poly-Si/Al2O3 interface in the 900 K 10 min annealed. The voltage during the
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Figure 4.11: (a) The region for generating atom maps. (b) Cross-sectional atom maps of the AHO region
of as prepared, D implanted, 600 K 10 min and 900 K 10 min annealed samples. (c) Concentration of p2
in the four samples. Figure from [110].
measurement is shown in figure 4.12 (a), and the corresponding immediate concentration curve
is shown in figure 4.12 (b). The curves of all the four samples are similar. The voltage curve
during the transition from poly-Si to Al2O3 is smooth, which indicates that the observed p2
segregation at the interface is not an interference from abrupt evaporation field change. The
concentration of H or H2 from the residual gas depends on many factors, such as needle shape
and measurement conditions, which explains that the concentration of p2 in the bottom substrate
varied from sample to sample.
Figure 4.13 (b) shows the lateral atom maps of a φ20×5 nm cylinder (indicated by the
rectangle 3 in figure 4.13 containing the poly-Si/Al2O3 interface of different samples. The
count of p30 in the sample annealed at 900 K for 10 min is much higher than those of the
other three samples, which is due to the contribution of 28SiD. We calculated the ratio of p30
to p28 in different samples, as shown in figure 4.13 (c). In the as-prepared sample, the ratio is
generally consistent with the natural abundance of stable Si isotopes, since the sample is D-free.
In the D-implanted sample and the sample annealed at 600 K for 10 min, the ratios are slightly
higher than the natural abundance, which indicates that several D atoms reached the interface
during ion implantation. In the sample annealed at 900 K for 10 min, a large amount of D
diffused toward the bottom, reaching the poly-Si/Al2O3 interface. The areal density of D at the
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Al Hf O Si
Poly-Si AHO Si sub.
(a)
(b)
Figure 4.12: (a) Voltage curve and (b) immediate elemental concentration curve during the measurement.
The curve for as-implanted sample is shown as an example.
poly-Si/Al2O3 interface is calculated by
dD ≥ [n(p2)−n(p1)+n(p30)−n(p28)× 3.0992.22 ]/S, (4.2)
where dD represents the areal density of D, n the count of different ions, S the area of the
interface, and 3.0992.22 is the ratio of
30Si/28Si. As shown in figure 4.10 (a), p1 and p2 from
the residual gas in the as-prepared sample are almost of same height. Therefore, in order to
eliminate the contribution of residual gas to p2, we reduced the number of p1 by assuming that
p1 and p2 from the residual gas are equivalent. The right side of the equation is calculated to be
3.5× 1013 cm-2. The actual areal density of D is higher than this, because the SiD2 ions (p32
and p16) are not counted since they overlap with O or O2.
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Figure 4.13: (a) The region for generating atom maps and calculating the ratio of p30/p28. (b) Lateral
atom maps of the interface in the as prepared, D implanted, 600 K 10 min and 900 K 10 min annealed
samples. (c) Concentration of p30 in the four samples. Figure from [110].
Figure 4.14 (b) and (c) show the mass spectra generated in a φ20×3 nm cylinder cylinder
inside the Al2O3 layer (the interface not included) of as prepared and 900 K 10 min annealed
sample, as indicated by the rectangle in figure 4.14 (a). Most of the peaks are related with Al and
O. The possible D-related ions are D+(p2), OD+(p18), OD2+(p20) and AlD+(p29). However,
none of these peaks is found in the D-implanted 900 K 10 min annealed sample. The AlOD or
AlOD2 peaks do not exist as well. Usually, if “OD” event is not observed, “Al-OD” and more
complicated events are more unlikely to occur during the field evaporation.
Figure 4.15 (b) and (c) show the mass spectra generated in a φ20×5 nm cylinder cylinder
(indicated by the rectangle in figure 4.15 (a)) in HfxSi1-xO2 layer of as prepared and 900 K
10 min annealed sample. In HfxSi1-xO2 layer, p2 events are observed. However, the ratio of
p2/p1 in the D-implanted 900 K 10 min annealed sample is comparable to that in as prepared
sample, because they are from the residual gas in the analysis chamber. HfD, HfOD peaks are
not observed as well.
Figure 4.16 (b) and (c) show the mass spectra generated in a φ20×5 nm cylinder cylinder
(indicated by the rectangle 3 in figure 4.16 (a)) in SiO2/Si region of as prepared and 900 K
10 min annealed sample. In SiO2/Si region, p2 peaks are higher than p1. This is probably
due to the voltage change at SiO2/Si interface. Besides, the ratio of p2/p1 is higher in the as
prepared sample, which is D free. The SiOD, SiOD2 peaks are not observed in this region.
We checked the mass spectrum generated in the Al2O3, HfxSi1-xO2, SiO2 layers of the
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Figure 4.14: (a) The region for generating mass spectrum in the Al2O3 layer. Mass spectra of the selected
region in (b) as prepared sample and (c) D-implanted 900 K 10 min annealed sample.
sample annealed at 900 K for 10 min, which reveals no clear D-related peaks, such as OD+,
AlD+, SiD+ and HfD+ etc. Based on the above analysis on mass spectra, it is safe to draw a
conclusion that D diffusion stopped at the interface and didn’t diffuse into the AHO region.
Since the BEOL annealing process in hydrogen ambient or forming gas is performed at around
400 °C [93, 112], our work demonstrated that the trapping ability of the Al2O3 layer is likely to
be sufficient in preventing H2 diffusion into the high-k stacks region in the BEOL process.
It is the interface, rather than the Al2O3 bulk, that shows a strong H2 trapping ability, pre-
venting it from further diffusion. The presence of p30 (28SiD+) ions suggests that the D atoms
are partly bonded with Si, i.e., on the Si side of the interface. However, previous electron spin
resonance experiments suggest that the density of dangling bonds at the Si/Al2O3 interface is
on the order of 1012 cm-2 [96], i.e., an order of magnitude lower than the trapped D density in
our work (1013 cm-2), which implies D atoms are not only trapped on the Si side of the inter-
face. Although D can bond with O atoms, this part may have been removed upon annealing at
temperatures above 673 K [113]. The original amorphous Al2O3 layer is crystalized to some
extent upon rapid thermal annealing at 1273 K and post-implantation annealing at 900 K, how-
ever, some defects such as vacancies may still exist in the hetero-structure interface and act as
H-trapping sites. A recent theoretical study demonstrated that H can form strong bonds with Al
vacancies in Al2O3 [114]. Auxiliary techniques such as TDS and infrared spectroscopy [115]
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Figure 4.15: (a) The region for generating mass spectrum in the HfxSi1-xO2 layer. Mass spectra of the
selected region in (b) as prepared sample and (c) D-implanted 900 K 10 min annealed sample.
would help to identify the exact trapping status of H. In addition, since the permeation depth
of moisture (H2O) in 373 K ALD Al2O3 is reported to be ∼7.5 nm [116], it is reasonable to
speculate that the Al2O3 layer of the current work is sufficient to prevent moisture permeation
as well.
Even though there is some difference between the diffusion coefficient of H and D, the
chemical properties of H and D are almost the same [106], thus this trapping effect demon-
strated in current work is probably applicable to H as well. Although the exact mechanism for
the H trapping effect is not completely specified, the present APT work clearly demonstrates
the trapping of D at the Al2O3 interface, which indicates that Al2O3 is possible to prevent un-
wanted H2 from diffusing into the high-k dielectrics during BEOL annealing. This provides
important information for the optimization of the dielectric process. Furthermore, the present
study combined D implantation with APT characterization, providing an example of studying
H behavior in semiconductors [110].
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Figure 4.16: (a) The region for generating mass spectrum in the Si/SiO2 region. Mass spectra of the
selected region in (b) as prepared sample and (c) D-implanted 900 K 10 min annealed sample.
4.6 Summary
H plays an important role in determining the reliability and performance of HfO2- and Al2O3-
based high-k dielectric electronic devices. H detection is a problem in APT due to the residual
gas in the chamber. In order to avoid the interference from residual gas, D was introduced into
the poly-Si cap of Al2O3/HfxSi1-xO2/SiO2 high-k stacks by ion implantation. APT was then
used to image the D distribution in samples annealed under different conditions. The results
clearly demonstrated that the D atoms were trapped at the interface of poly-Si and Al2O3 after
annealing at 900 K for 10 min. Thus, it is possible that Al2O3 blocks the H atoms at the surface,
preventing them from diffusing into the high-k dielectrics during the H2 annealing process in
current fabrication technology. The current work also exhibits an example of investigating H
behavior in semiconductors by APT.
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Chapter 5
Distribution of Ions Implanted through
Nanoapertures
Ion implantation through nanometer-scale apertures (nano-apertures) is a promising method to
precisely position ions in silicon matrices. We employed APT to investigate the 3D distribution
of germanium atoms in silicon after implantation through nano-aperture of 10 nm in diameter.
The experimental results obtained by APT are consistent with a simple simulation with consid-
eration of several effects during lithography and ion implantation, such as channeling and resist
flow [Tu et al., Nanotechnology 28, 385301 (2017)].
5.1 Deterministic doping
The properties of semiconductors are dependent on the dopants distribution. Doping control is
a necessary factor in semiconductor manufacturing, in particular when the feature size reaches
sub-10 nm regime. In the not-too-far future, scaled MOSFETs may contain merely several
dopants in a certain region, where the randomness of dopants will lead to significant variations.
A schematic is shown to demonstrate this problem, in figure 5.1 (a), current doping method
induced random distribution in a large-scale chip can be regarded as homogeneous. However,
when the scale is shrank, the distribution of dopants induced by traditional doping method is
no longer homogeneous, as shown in figure 5.1 (b), which could lead to great fluctuation from
device to device.
The ultimate transistors requires uniform distribution, in which individual dopants can be
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Figure 5.1: Schematic of (a) random distribution in large-size chip, (b) random distribution in scaled
chip, (c) uniform distribution in scaled chip.
located in the determined locations, as shown in figure 5.1 (c). The method to realized such
a controlled distribution is called deterministic doping [117]. Except for its application on
semiconductor manufacturing, deterministic doping method plays an important role in the field
of quantum computing, where precise engineering of single dopant atoms or defect color centers
in Si or diamond matrix is required [118].
Shinada et al. introduced a single-ion implantation (SII) method for future nano-electronic
devices [119, 120]. In SII, single ions are extracted by using a small aperture to chop a fo-
cused ion beam. The amount of the implanted ions is controlled one-by-one by detecting the
secondary ions emitted from a target chip, as shown in figure 5.2 (a).
By using the SII technique, Shinada et al. investigated the Vth device-to-device fluctuations
in 10 transistors with ordered channel doping, and 10 transistors with random channel doping
[120]. The histograms of ∆Vth distribution is shown in figure 5.2 (b)-(e). Apparently, the
distribution of ∆Vth is more localized in the transistors with ordered dopants distribution. The
reduction of ∆Vth fluctuation is attributed to the precise control of both dopant atom number
and position.
SII technique probes a promising future of well-controlled atomic-scale transistors. How-
ever, the spatial precision of this technique is currently limited to approximately 60 nm [120,
121], which becomes an obstacle for its practical application. One practical method is to implant
dopant atoms through a resist mask with nano-apertures to confine the distribution of dopants
and improve the spatial resolution. Besides, employing a mask with an array of nano-apertures
is helpful to fabricate ordered dopant arrays described above.
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Figure 5.2: (a) Illustration of the structure of single-ion implantation. Figure from [119]. Histograms
of Vth shift of 10 resistors with (b) ordered dopant distribution and (c) conventional random dopant
distribution; contour maps of the Coulomb potential in the channel with (d) ordered dopant distribution,
and (e) conventional random dopant distribution. Figure from [120].
5.2 Electron beam lithography and nanoaperture
The method to make some pattern on resist mask for limiting the dopants distribution is called
lithography. As illustrated in figure 5.3, a light sensitive resist is spun onto the substrate. The
resist mask is selectively exposed by shining light (wave), and the exposed region can be re-
moved by plasma or chemical etching process. Then if we perform ion implantation, only the
exposed region will be implanted with dopants.
The resolution, i.e., the scale of the smallest exposed region, is determined by the wave-
length of the light source. With the device scale continuous shrinking, higher resolution lithog-
raphy requires shorter wavelength beams. The “light” source for lithography used to be visible
light and ultraviolet light. The current advanced technology in semiconductor manufacturing
industry is extreme ultraviolet (EUV), as shown in figure 5.4. Louis de Broglie demonstrated
that electron is also a kind of wave. Theoretically, the wavelength of electron beam can be
shortened to the scale of 0.1 nm when it is accelerated. Of course the actual feature size of
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Figure 5.3: Schematic of lithography process.
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Figure 5.4: Light source for lithography.
devices is larger than this value, due to the difficulty of focalization.
Electron beam lithography (EBL) is a potential technique for sub-10 nm device fabrication.
For fabricating ordered dopant arrays, a mask with an array of nano-apertures can be achieved
by EBL. Therefore, combination of SII and nano-aperture made by EBL might be a potential
technique to realize the deterministic doping.
The distribution of ions near a mask edge is critical for device performance. However, it is
very difficult to measure the concentration profiles in such a small region and evaluate the pre-
cision of EBL. Conventional techniques such as SIMS is difficult to obtain the distribution in
such a small region (tens of nm), no even the 2D (vertical and lateral) distribution. Usually the
distribution of ions implanted through nanoapertures can only be estimated by simulation. Fig-
ure 5.5 shows an simulation example of implantation of P atoms into Si through nanoapertures
[122]. The nano-apertures are spaced 30 nm apart with each other, and the diameter of each
nanoaperture is 10 nm. 100,000 P ions are implanted with an acceleration energy of 14 keV. The
top-view and side-view of P distribution probability is demonstrated by SRIM software [33].
Fortunately, APT is able to demonstrate the 3D distribution of ions in a region of 100 nm
scale, which is quite suitable for such an investigation. Besides, the FIB based specimen fabri-
cation technique enables a site-specific extraction of the region of interest.
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Figure 5.5: Top view and side view of SRIM simulations showing the spatial probability distribution of
P ions implanted into Si through apertures of 10 nm in diameter. Figure from [122].
In current work, we employ Ge implantation for its high atomic mass, which lead to smaller
implanted region and increase the possibility of a successful APT measurement. Besides, Ge
implantation into Si is a method to generate deep donor states which could maintain bound
electrons at room temperature [123].
5.3 Experiment
The EBL and implantation process was performed by our collaborators from Prof. Tanii’s group
of Waseda University. Since the implanted region is in a very small size, first we should make
a marker for each implanted region. Grid patterns are first fabricated on an electron beam
sensitive resist film made of ZEP520A (200 nm) on a Si (111) substrate, using EBL (ELIONIX,
ELS-7500W) with an acceleration energy of 50 keV. The pattern was then transferred to the
Si surface with an SF6 plasma, as shown in figure 5.6 (a). The scale of the grid pattern is
200×200 nm, as shown in figure 5.6 (b). Then the initial resist film is cleaved by oxygen
plasma, and a second resist film (with nano-apertures (10 nm in diameter) was patterned and
spin-coated onto the substrate made of same material and thickness with the first step). Ideally,
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Figure 5.6: The SEM images of the (a) grid array, (b) individual grid, (c) nanoaperture resist on the grid.
Figure 5.7: (a) Illustration of the sample fabrication process, (b) schematic of the final structure for
fabrication of the needle specimen. Figure from [124].
the nano-apertures are aligned in the center of the grids, as shown in figure 5.6 (c).
Following this, Ge ions were implanted in the Si substrate to a dose of 6.4× 1015 cm-2
through the nanoaperture resist mask, using a laboratory-made ion implanted at an acceleration
energy of 20 keV. The expected total amount of implanted Ge ions in each aperture was 5000.
The resist mask was removed after the implantation.
The experiment after ion implantation was performed in our group. An amorphous Si (a-Si)
layer was deposited to protect the implanted region from being damaged by the FIB during the
fabrication of the needle specimens for APT measurements. The process is shown in figure 5.7
(a). Figure 5.7 (b) shows a schematic of the sample structure for APT measurement and the
location of an ideal needle specimen.
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Figure 5.8: (a)–(f) Series of images following the lift-out and needle fabrication in preparation for APT
measurements. Figure from [124].
Needle specimen fabrication was performed using an SEM-FIB dual beam system (FEI, He-
lios NanoLab600i) [32]. As shown in figures 5.8 (a)–(f), platinum (Pt) was deposited on which
was the only marker we could refer to for adjusting the position during the needle fabrication
process. Special care was required during this step, since it was very difficult to include the
implanted region in the final needle specimen, and it was necessary to examine the specimen
from all aspects to ensure it was well preserved. A gentle Ga ion beam (5 keV) was employed
in the last step of milling to remove the damaged region near surface. Figure 5.8 (f) displays
the SEM image of a needle specimen of Ge implanted sample before APT measurement. The
needle specimens were measured using a laser-assisted local electrode atom probe (CAMECA,
LEAP4000XHR). The base temperature was set at 35K and the pressure in the analysis cham-
ber was approximately 2× 10−11 Torr. The pulsed laser had a fixed wavelength of 355 nm, a
repetition rate of 160 kHz, and a pulse energy of 50 pJ.
5.4 APT reconstruction
The 3D elemental distribution map reconstructed from data obtained by APT is shown in figure
5.9. It is worth mentioning that it is difficult to maintain an intact distribution spot in the needle
specimen due to the limited precision of the FIB technique. Therefore, the best results were
selected from dozens of replicate trials. As shown in figure 5.9, the deposited a-Si capping
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Figure 5.9: 3D-elemental distribution map of the specimen.
layer, containing carbon impurities, is on the top of the specimen, and a native oxide layer is
evident between the a-Si cap and the Si (111) substrate. The 0.1% iso-concentration surface is
enabled to demonstrate the Ge implanted region. Iso-concentration surface is created based on
the concentration of a certain ion or element, it indicates that the concentration of the selected
ion is equivalent on the surface. Besides, iso-concentration surface is usually a threshold value,
it indicates that the region inside the iso-concentration surface has a higher concentration of the
certain ion. In current work, the region surrounded by the 0.1% iso-concentration surface is the
core of Ge implanted region, and only part of the implanted region is included in the measured
specimen. Similarly, iso-concentration surfaces of other values could be generated as well.
It is necessary to generate a carefully calibrated reconstruction because the distribution map
may become distorted during this process, potentially affecting the reliability and interpretation
of the data [125]. We used a shank angle method [10, 126] to do the reconstruction and get a
flat interface between a-Si and substrate by adjusting the image compression factor [126], and
subsequently calibrated by the spatial distribution map (SDM) of the Si (111) substrate [127].
The SDM was used to examine the average distributions of atoms in specific crystallographic
directions, and was especially helpful in identifying atomic planes and calibrating the atomic
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Figure 5.10: (a) Projected elemental distribution map of the same specimen, in which the rectangle
indicates the region for generating the SDM and the square indicates the region for generating a mass
spectrum. (b) Distinct Si atomic bilayers in the selected region (5 × 5 × 20 nm cube) of Si (111)
substrate. (c) Spatial distribution map of the selected region in the Si (111) substrate. Figure from [124].
layer depths during the reconstruction [128]. This process employed a cubic region selected
within the Si (111) substrate, having dimensions of 5 × 5 × 20 nm (the rectangle in Figure
5.10 (a)), in which the distance between atomic bilayers could be well distinguished [129], as
shown in figure 5.10 (b). We subsequently generated the SDM and carefully adjusted several
minor parameters until the distance between any two peaks in the SDM was equal to 0.31 nm, as
shown in figure 5.10 (c), which is the distance between atomic bilayers in the Si 〈111〉 direction,
as shown in the inset figure. The peak at 0 indicates the very close distance between Si atoms in
same atomic layer. The peaks at ±0.31 nm indicates the distance between two adjacent layers.
Even though the lateral resolution of APT is not as accurate as in vertical direction due to the
trajectory aberrations at the initial stages of ion emission [10], the calibration of reconstructed
atom map based on SDM is rather reliable compared with other methods.
Figure 5.11 shows the mass spectrum generated in 20 × 20 × 20 nm cube in the implanted
region (the square in figure 5.10 (a)), only 74Ge isotope are implanted into the substrate, since
peaks with mass to charge equals 74 (singly-charged) and 37 (doubly-charged) are detected,
which are indicated by the red dots. The Ge peaks in the mass spectrum are well isolated with
69Ga ions introduced by FIB. The red dots observed in the bottom of substrate are from back-
ground events, since there is no Ge peak in the mass spectrum of the substrate. Contamination
ions with mass-to-charge ratio equals 37 are responsible for red dots in the a-Si cap (not shown
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Figure 5.11: Mass spectrum generated in a 20 × 20 × 20 nm cube in the Ge implanted region. Figure
from [124].
here). It is worth noting that, carbon (C) and oxygen (O) are also introduced into the Ge im-
planted region, due to the collisions during implantation through resin mask and native oxide
layer [130], since C related and O related peaks are also found in the mass spectrum.
5.5 Simulation
A simulation employing the SRIM program was performed to allow a comparison between the
distribution range obtained by APT and the expected values [33]. In the first step of this simu-
lation, 100,000 Ge ions were implanted into the Si substrate at one point with an accelerating
energy of 20 keV. We subsequently obtained the 3D Cartesian coordinates of every single Ge
atom, as displayed in figure 5.12 (a). By sorting these atoms into a 3D grid, we generated the
projected distribution probability along the vertical depth (the z axis), P(z), and in the lateral
plane (x− y plane), as shown in figures 5.12 (b) and (c), respectively. Since the ions were actu-
ally implanted through a nano-aperture rather than a very point, we calculated the convolution
integral of the lateral distribution function over a disk with a diameter of 10 nm, and obtained
the distribution probability in the lateral plane, P(x,y), as shown in figure 5.12 (d).
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Figure 5.12: (a) 3D distribution of 100,000 implanted Ge ions as determined by SRIM, (b) ion distri-
bution probability along the implantation direction (z axis), (c) ion distribution probability in the lateral
plane (x−y plane) (d) ion distribution probability based on convolution over a circle of 10 nm in diameter.
The length unit along coordinate axes in the figures is nm. Figure from [124].
Therefore, given a 1 × 1 × 1 nm cube with coordinates (x,y,z), the quantity of Ge ions










By this method, we obtained the contour maps of Ge atomic concentration in the cross-
sectional and lateral planes, as displayed in figures 5.13 (a) and (b), respectively. The maximum
of Ge concentration in the core is calculated to be 2.2%. The full-width-at-tenth-maximum
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Figure 5.13: Contour maps of Ge atomic concentration in the (a) cross-sectional plane and (b) lateral
plane. The length unit along coordinate axes in the figures is nm. Figure from [124].
(FWTM) line, which is corresponding to the atomic concentration of 0.22%, of the core con-
centration is labeled by the dashed circles to evaluate the margin of each implanted spot.
5.6 Comparison between experiment and simulation
To investigate the spatial distribution range of the Ge atoms, we selected slices of the speci-
mens to observe the cross-sectional and lateral distributions, as shown in figures 5.14 (a) and
(b), respectively. The cross-sectional atom map was sliced through the core, and along the di-
rection of the longest radius. The maximum Ge concentration in the core region of the spot
was 2.4%, which is in good consistence with simulation. Successfully detecting the maximum-
concentration core is necessary for estimating the distribution range. The 2D contour map of the
Ge concentration was superimposed onto the atomic map to demonstrate the concentration dis-
tribution. We generated an iso-concentration surface at a value of 0.24%, which is the FWTM
of the distribution range, to be the margin of the contour maps. The ranges of the 0.22% iso-
concentration surface in the cross-sectional and lateral planes obtained by simulation are also
overlapped in figures 5.14 (a) and (b), respectively, as indicated by the dashed circles. Mean-
while, the 1D concentration profiles (data extracted from 2D contour data) along z axis and x
axis are generated and aligned to the 2D contour maps. Here, we simply took the FWTM value
as 0.23%, the average of experiment value and simulation value.
The Ge distribution determined by APT was generally consistent with the simulation results.
However, the vertical distribution was slightly shallower than expected. Besides, the experimen-
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Figure 5.14: (a) Cross-sectional and (b) lateral distribution maps of the Ge-implanted specimen, together
with an overlapped 2D contour map of the Ge atomic concentration. Dashed circles correspond to the
0.22% sliced iso-concentration surface in the cross-sectional and lateral planes as obtained by SRIM
simulations. The 1D-concentration profiles are aligned to the 2D contour maps, where the FWTM was
selected as 0.23%. Figure from [124].
tal results demonstrated a lateral spread of the implanted Ge ions that was slightly wider than
the simulation results. This lateral spread typically results from deflections of implanted ions,
and would be expected to be enhanced by lateral channeling [131]. Recent simulation work
demonstrates that lateral channeling may happen in Si during ion implantation in a wide range
of crystal directions, such as through the 〈110〉 channels [132], which are in the lateral plane of
Si (111) substrate. Dopant penetration through the 〈110〉 channels may alter the electrical prop-
erties in a real device [133]. However, this lateral channeling effect was not taken into account
in our SRIM simulations, which were based on atomic density rather than crystallography.
The Ge distribution near the surface was quite wide, considering the size of the nano-
aperture. One possible reason for this spread is resist reflow during the lithography process.
The polymer resist can flow during the thermal baking process, especially near the edge of the
mask/aperture, so the thickness of the resist mask near the aperture edge can be thinner than the
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Figure 5.15: Illustration of the resist flow.
design parameter [82] such that some implanted ions penetrate the resist mask and embed in the
substrate, as shown in figure 5.15.
The momenta of such ions will be rapidly depleted and they will come to rest at shallow
depths. In figure 5.6 (c), the nano-aperture region was shown in black, and the curvature of
the sidewall around the nano-aperture can be seen as the bright region. This tapering effect
is supposed to be an evidence of resist reflow. If the resist flows into the exposed region and
forms a thin film, the implanted ions might be decelerated, and this could explain the shallower
distribution in the vertical direction, as shown in figure 5.15. Moreover, precise lithography on
the 10 nm scale is quite difficult even in industry, so the actual diameter of the nano-aperture
might be slightly larger than designed.
In order to fabricate sub-10 nm structures with high fidelity, improving the resolution of
lithography is also necessary, which is beyond the scope of this article. The actual distribution
shown by the APT data is slightly different with simulation results either in the lateral plane
or along the vertical axis. Channeling, resist flow and other effects during the manufacturing
process may lead to an unpredictable distribution of the implanted ions. In addition, the implan-
tation dose employed in this work is very likely to generate a local amorphous region, since it
exceeds the critical dose lead to amorphization [134]. Post-implantation annealing is required
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to recover the damaged region for actual application, which may lead to further expansion of
dopant distribution. Therefore, investigations of the 3D distributions of ions implanted in very
small regions by APT are of great importance with regard to evaluating and enhancing the
precision of deterministic doping.
5.7 Summary
Ion implantation through nano-apertures is a promising method to precisely position ions in
Si matrices, which is a requirement for next generation electronic and quantum computing
devices. APT is employed to investigate the three-dimensional distribution of Ge atoms in Si
after implantation through nano-aperture of 10 nm in diameter, for evaluation of the amount and
spatial distribution of implanted dopants.
Meanwhile, a simulation based on SRIM software is performed to evaluate the expected dis-
tribution range of the implanted ions. The distribution ranges calculated from APT data were
wider and shallower than the results obtained from simulations. Channeling effects and resist
flow during the ion implantation might be responsible for these phenomena, both of which are
difficult to be incorporated into a simulation. Therefore, in the future, experimental investi-
gations by APT will be helpful in the evaluation and enhancement of the precision of doping
techniques, to produce electronic devices or quantum computing devices with reliable perfor-
mance.
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In summary, by using APT, we realized the nanoscale analysis of impurity distribution in Si
devices, which include three topics:
1. Effect of Coimplanted C on B behaviors. First, we studied the possible artifacts induced
by high power laser. B accumulation at the low-index pole of c-Si and segregation along the
grain boundaries in poly-Si are observed when using high laser power. Surface migration of
atoms are probably responsible for these effects, which is promoted by high laser power. Then,
we investigated the B behavior and effect of C. When B alone was implanted, annealing at 600
to 800 °C caused it to form clusters in the peak region of the concentration profile, and diffusion
only occurred in the tail region. However, when co-implantation with C was performed, this
diffusion was almost completely suppressed. In the absence of C implantation, annealing at
1000 °C caused B clusters to dissolve and B to diffuse out of the peak region. However, this
diffusion was suppressed because C atoms trapped B atoms in the kink region. At 1200 °C, B
clusters were totally dissolved and strong B diffusion occurred. In contrast to lower annealing
temperatures, this diffusion was enhanced by C implantation. It is believed that Si interstitials
play an important role in the interaction between B and C.
2. Blocking of H penetration in Al2O3/HfO2 high-k stacks. In order to avoid the interference
from residual gas, we implanted D ions into the poly-Si cap of Al2O3/HfO2/SiO2 high-k stacks.
APT results clearly demonstrated that the D atoms were trapped at the interface of poly-Si and
Al2O3 after annealing at 900 K for 10 min. Therefore, it is possible that Al2O3 blocks the
H atoms at the surface, preventing them from diffusing into the high-k dielectrics during the
H2 annealing process in current fabrication technology. This work also exhibits an example of
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investigating H behavior by APT.
3. Distribution of ions implanted through nanoapertures. APT is first-ever used to inves-
tigate the 3D distribution of Ge atoms in silicon after implantation through nanoaperture of
10 nm in diameter. The experimental results obtained by APT are generally consistent with a
simple simulation with consideration of several effects during lithography and ion implantation,
such as channeling and resist flow.
Fabrication of nanoscale semiconductor devices is based on the precise placement of dopant
atoms into the crystal lattice of semiconductors. Throughout the fabrication processes like
lithography, ion implantation, and thermal annealing, fundamental phenomena like dopant dif-
fusion, trapping, and clustering occur simultaneously. These processes are described by atomic
scale mechanisms of impurity-defect-host interaction and have an immense impact on the elec-
trical performance of the devices.
In this work, we demonstrated the application of APT on investigating the nanoscale dis-
tribution and behavior of impurities in Si devices under different conditions, and speculated
the mechanisms responsible for such behaviors. The results in current study, which are hard
to obtain by other techniques, provide important information for optimizing the manufacturing
process in the semiconductor industry. Except for its application, we also studied on the APT
technique itself. We studied the possible artifacts induced by high power laser, and we try to
introduce D into the samples for avoid the residual gas problem. Such kind of studies are very
helpful for improving this technique for future application on semiconductor industry.
Monitoring and controlling the atomic scale impurity-defect-host interaction is required for
the confinement of impurities in nanoscale region, which is necessary for proceeding the de-
velopment of IC technology. From this perspective, APT, combined with other characteristic
techniques, will play an increasingly important role on contributing to semiconductor industry.
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